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PARTIAL MELTING IN THE BALLACHUUSH AUREOLE. 
The highest grade pelitic and semi-pelitic rocks of the Ballachulish contact 
aureole show structural and textural, features indicative of partial melting. Three 
locations were selected for detailed petrographic study which show the development 
of boudiiiage and breccia structures, discrete leucosomes, and small-scale network 
features. One more extensively melted area (the Chaotic Zone) showed houdinage and 
breccia structures developed on a much larger scale. Rocks from the Chaotic Zone 
were divided into several groups: homfels fragments, laminated metasediiuent, 
granulose metasediment, granitic material, and penetrative vein systems. 
The development of the above features is related to melting processes. 
Discrete leucosomes and small-scale network features in the less extensively melted 
rocks represent accumulations of melt which could not be contained along the grain 
boundaries in the host rock. In the Chaotic Zone large bodies of rock have melted to 
such a degree that the critical melt fraction was exceeded, and the rock behaved as a 
ductile body. The hydraulic fracturing responsible for formation of houdinage and 
breccia structures operates on a larger scale in this area due to the larger degrees of 
melting involved. An important control on the distribution of melt, and melt-related 
processes, is the original compositional layering of the rocks concerned. Throughout 
the melting history, movements of the melt phase are thought have been minor and 
the orientation of original layering is often preserved, even after large degrees of 
melting. 
Quantitative study of the angular relationships between mineral grains showed 
that the approach to textural equilibrium in these rocks is poor. in rocks which colitaili 
abundant evidence of melting, non-equilibrium dihedral angles (in the range 50-0 0 ) 
are commonly preserved which coincide with experimentally-derived wetting angles 
for granitic-type silicate liquids. In rocks where melting is thought to have been at it 
minimum, the approach to textural equilibrium is better. Dihedral angles measured 
are in the range 900  to  1100,  which corresponds to expected values for equilibrium 
solid/solid angles between the phases present. 
Modal and chemical analyses of the different leucosomes, and other 
leucocratic features, shows that often the compositions do not correspond with that 
expected of minimum melts from pelitic/seii-pelitic rocks. It is proposed that 
diffusive processes within the melt phase during crystallisation are responsible for 
these discrepancies in compositions. The interconnectivity of the melt provides a 
means by which diffusive processes could operate between melt accumulations and 
melt occupying grain boundaries in the adjacent intergranular volume. In extensively 
melted rocks, this interconnectivity was present over large distances which facilitated 
large-scale compositional homogenisation. 
A 8180  study of leucocratic segregations shows that in general, they have the 
same 8 180 composition as the immediately adjacent matrix material, consistent with a 
local origin. Extensively melted rocks are conincident with large-scale oxygen isotope 
homogenisation. This indicates enhanced communication between rock layers and 
thus supports petrographic evidence suggesting the presence an interconnected melt 
phase over large distances. Consideration of isotopic equlihration between the mineral 
grains in these rocks shows that late-stage fluid activity was at a minimum. A 
comparison of traditona1 methods of testing for equilibrium, and application of 
Giletti's model for slow cooling in a closed system showed that Giletti's model 
provided a closer approach to the observed 8180  compositions. 
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CHAPTER 1. INTRODUCTION. 
1.1. RA11ONALE. 
The morphology and chemistry of partially melted rocks is often extremely 
complex. Melting processes in metamorphic rocks have therefore been the subject of 
considerable geological interest, providing challenging subject matter in more than 
one field of geology. From a structural point of view, the presence of melt alters the 
physical properties of the rock concerned, and in the field, this can contribute 
significantly towards the formation of often quite exotic features. On a microscopic 
scale, the crystal textures in a rock which has at one time contained melt, will record 
textures inherited during the partially molten event in its history, as well as those 
developed during the subsequent (or previous) subsolidus events. Chemically, 
different mineral assemblages often show vastly different characteristics with respect 
to the degree of melting, melt compositions and melting sequences. 
Full documentation of melt formation, accumulation and subsequent 
movements requires that all of the aforementioned approaches are evaluated. This 
requires detailed petrographic and chemical studies of the rocks concerned. Such 
studies are best carried out in an area where broader aspects of the geology are 
relatively well known. Time Ballachulish aureole provides such an area. 
The Ballachulish area is situated in the Central West Highlands of Argyllshire, 
Scotland (see fig. 1.1), and lies on the coast, south of the junction between Loch 
Linnhe and Loch Leven. The geology of the area is dominated by the Ballachulish 
Igneous Complex (see fig 1.2) which comprises a large, mainly dioritic, igneous body 
which is associated with a contact metamorphic aureole. At certain high grade 
localities throughout the aureole pelitic/semi-pelitic lithologies show structural and 
textural features suggestive of melting. The Ballachulish aureole thus represents an 
ideal opportunity to study melting processes during high temperature contact 
metamorphism, and this thesis is a detailed petrographic and chemical study of these 
high grade pelitic/semi-pelitic rocks. Such an in-depth study is possible due to the fact 
that many broader aspects of the aureole (and the igneous complex itself) have 
already been documented. 
It 
I 
Figure I.I. A sketch map of north and central Scotland (1:2,000,000) showing 
the location of the Ballachulish area. 
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Figure 1.2. A map taken from Roberts (1976) showing the geology of Ballachulish and the surrounding district. 
The Ballachulish area itself is dominated by the Ballachulish granite. 
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1.2. METHODS. 
Field work, totalling five weeks, facilitated the collection of a representative 
sample suite, showing all aspects of the structural and textural features observed in 
the high grade rocks. As a matter of routine, the samples collected were bleached, 
stabbed and stained for K-feldspar (details of techniques used in the course of this 
project are given in appendix I). 
An important part of this research involved detailed hand specimen and thin 
section petrography, and an extensive thin section collection comprising over 300 
polished and thin sections was required. Further microscope work entailed modal and 
dihedral angle analysis. 
Selected samples were crushed to allow further chemical analysis. This took 
the form of a small amount of bulk rock chemical analyses (carried out at Edinburgh 
using X.R.F. techniques), and a major stable isotope study. Both whole rock and 
mineral separate data were required for the isotope study and certain samples, 
therefore, were selected for mineral separation (details of mineral separation 
techniques used are given in appendix 1). Oxygen isotope analyses on the selected 
samples was undertaken, over a period of two months, at the Scottish Universities 
Research and Reactor Centre, East Kilbride. 
1.3. GEOLOGICAL SETtING AND PREVIOUS WORK. 
The Ballachulish Igneous Complex complx was intruded along with many 
other granitoid bodies during the Caledonian orogeny. It is a caic-alkaline . 1-type 
intrusive consisting of an outer quartz-diorite, which is crosscut by a later pink 
monzogranite. The detailed petrography and chemistry of the igneous rocks have been 
the subject of a study by Weiss and Troll (- o). The phase I quartz diorite 
intrusion is thought to have been relatively thy, being intruded by the wetter phase II 
granite after a period of cooling. The mineralogy of the igneous rocks is dominated by 
clinopyroxene, orthopyroxene, homblende, feldspar and quartz. Chemically, they 
range from 52wt.% Si02 for the more dioritic rocks to 74wt.% SiO2 for the granites. 
Some secondary alteration of the minerals has taken place which is more intense in 
the central granites. Some weak Cu-mineralisation is present and also associated with 
the central granites. The outer quartz-diorite contains numerous xenoliths, many of 
which are derived from the surrounding country rock. The contact between the diorite 
and the surrounding country rock is discordant. 
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The country rock consists of a sequence of lower Dalradian metasediments of 
the Appin Group. These consist of mixed lithologies; predominantly pelites and 
psammites but also interbedded graphitic slates, carbonates (limestones) and 
quartzites (see fig. 1.2). Prior to the igneous activity the area had undegone 
greenschist facies regional metamorphism and extensive deformation, principally 
resulting in several sets of NE-SW trending folds. 
The presence of a contact aureole was first recorded by MacCulloch (1817) 
who noted that the granite metamorphosed the surrounding schists and injected veins 
into them. This observation was pursued in later work by the British Geological 
Survey, which is summarised in the Memoirs of the Geological Survey (Bailey, 
1960). Most of this work involved a description of mineralogical and textural changes 
in various lithologies in the country rock as the granite was approached. it was 
concluded that most of the variations attributed to contact metamorphism were due to 
the reconstructi9n of material already present accompanied by the release of volatile 
constituents. Whether these volatile constituents subsequently passed outwards 
through the country rock, or inwards to be dissolved in the magma was unknown; it 
was suggested that a large proportion might eventually have been discharged during 
volcanic activity. 
The aureole has, more recently, been rigorously mapped by Pattison (1985). 
Isograds were identified and an intensive study of chemical variations in various 
lithologies throughout the aureole carried out. The result of this study was to produce 
a schematic petrogenetic grid orientated in PTXFe .Mg XH20 space which 
describes the reactions occurring in the aureole (see also Pattison and Harte, 1985). 
The details of these reactions and the petrogenetic grid are given in chapter 2; table 
2.2 and fig 2.9. 
Coincident with the thesis project of Pattison (1985) was a multidisciplinary 
study by the German Science Foundation, headed by Prof. F. Seifert. This study 
mainly involved examination of specific mineralogical aspects of country rock 
lithologies, for instance, the variation in the Al/Si ordering states of cordierite in the 
pelitic rocks as the igneous contact was approached (Maresch et al, in press); 
disordering and ordering of (K, Na)-feldspars during heating and cooling in the 
aureole (Kroll and VoH, in press); and reaction mechanisms and mass transport during 
heterogeneous reactions in siliceous carbonates (Masch et at, in press). Some 
geophysical work was also undertaken with a seismic investigation by Rabbel and 
Meissner (in press), and an investigation of heat conductivity and cooling rates in the 
aureole rocks by Buntebarth (in press). 
Additional work carried Out at Ballachulish includes a certain amount of stable 
isotope work (Iloernes, in press; Hoemes and Voll, in press). These studies are 
discussed further in chapter 8, and will not be dealt with here, other than to say that it 
was suggested that a large-scale meteoric hydrothermal fluid system did not appear to 
operate at Ballachulish. Also to be discussed later in the thesis (chapter 4) is a 
structural study on the partially melted rocks carried out by Platten (pers. comms.). 
1.4. AIMS AND LAY-OUT OF THE THESIS. 
The main purpose of this thesis is to study the nature of the melting processes 
thought to be active in the high grade rocks of the aureole. in order to achieve this the 
following aims were set:- 
Documentation of the different leucosome types, boudinage and breccia 
structures, and other leucocratic features commonly observed in these high grade 
rocks. 
To confirm that the origin of these structures can be attributed to partial 
melting processes. 
Place constraints on the amount of melting, the composition of the melt, and 
its distribution within the host rock. 
To record possible subsequent movements of the melt phase. 
In order to achieve these aims a number of approaches were employed. These 
were detailed petrographic and textural analysis of the leucosomes and the 
surrounding rock, coupled with studies of the bulk rock and stable isotope chemistry. 
In order to aid the reader, the following paragraphs outline the general lay-out of the 
thesis. 
Chapter 2 is a literature review, introducing theory on three topics: migmatites 
in general; textural aspects of crystalline rocks; and phase relations in pelitic rocks. 
This chapter will be referred to frequently in the following chapters as many of the 
theoretical aspects introduced are important to the understanding of processes active 
in these rocks. 
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llie bulk of the thesis can be regarded as two main parts: 
(1) a descriptive part comprising three chapters (3,4, and 5) which are devoted 
to detailed documentation of the petrographical characteristics of the high grade rocks 
studied. 
(ii) a further three chapters (6, 7 and 8) which record the results of quantitative 
analytical studies on the high grade rocks: chapter 6 is a study of the dihedral angle 
relationships; chapter 7 outlines the results of modal and bulk rock chemical studies; 
and chapter 8 is a study of the stable isotope chemistry. 
The final chapter (9) is a summary of the conclusions of the preceding 
chapters, and a brief overview of the implications of this study with respect to 
migmatites in general. Possible areas for further work will also be considered. 
CHAPTER 2. A LITERATURE REVIEW. 
2.1 MIGMATHES - AN INTRODUCTION. 
Migmatites are rocks made up of more than one distinct component; these 
components are usually referred to as the leucosome, melanosome and mesosome 
(Mehnert,1968; Ashworth, 1985). The leucosome is light-coloured and rich in quartz 
and feldspar relative to the rest of the rock. The leucosome is often, but not always, 
accompanied by a melanosome which is enriched in mafic minerals. The leucosome 
and melanosome together are often referred to as the neosome. The mesosome (also 
referred to as the palaeosome) is that part of the rock which resembles an ordinary 
metamorphic rock. 
Migmatites are extremely complex and variable in appearance. The 
morphology and interrelationships between the different components described above 
are very diverse. Fig. 2.1 shows a number of typical migmatite structures taken from 
Mehnert, 1968. There are a number of processes by which leucosomes can form:- 
Intrusive Injection of Igneous Material (Silicate Melt) - the intrusion of 
magma derived from a nearby igneous body into the metamorphic rock along 
fractures and zones of structural weakness. 
Hydrothermal Fluid Activity - externally-derived, volatile-rich fluids travelling 
through fractures or permeable zones precipitating minerals and possibly causing 
metasoinatism of the adjacent rock. 
Metamorphic Differentiation - chemical gradients across the boundary 
between two different layers can lead to the diffusion of components between the 
layers. Diffusion can occur in the solid state or via a fluid phase, if present. 
Internally-derived Partial Melting - temperatures are reached which are above 
the melting temperature of certain layers. Melting thus occurs in some layers leading 
to the production of a silicate melt which then crystallises to form the leucosome. 
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It should be noted that the first two of the above processes involve open 
system behaviour with the introduction of externally-derived silicate melt or 
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Figure 2. 1. (taken from Melineri, 1968) 
Some line drawings of typical ifliginalite structures. 
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hydrothennal fluid to the rock in question. The last two processes are closed systems 
with no interference from external sources. 
One, or a combination of more than one, of the above processes may 
contribute to the final nature of the migmatite in question. Studies have attempted to 
establish criteria by which to distinguish between these processes. Table 2.1 is 
reproduced from Yardley (1978), and shows some criteria it is possible to use. ilie 
complexity commonly exhibited by migmatites means that in many cases, no one 
single criterion can be used to suitably constrain the nature of the miginatisation 
process; instead a number of criteria must be used to best study the rock. 
Ail important consideration is to deduce whether or not the rock behaved as an 
open or closed system. If the bulk composition of the migmatised rock is significantly 
different from the protolith (if a protolith can be identified) then open system 
behaviour is inferred. Alternatively, if the niigmatised rock is isochemical with the 
protolith then closed system behaviour is inferred. Having established whether)an 
open or closed system, the leucosomes can be examined texturally and 
mineralogically in order to deduce whether they represent silicate melt or the product 
of metasomatic activity (precipitated from a hydrothernal fluid or solid-state 
segregation). 
A number of studies illustrate the use of the above reasoning in migmatitic 
complexes, for example. Arnit and Eyal (1976), and Olsen (1983, 1985). Olsen used 
mass-balance calculations to compare the net composition of leucosome and 
melanosonie with the net composition of the mesosome. In the above studies, the 
mesosome is assumed to adequately represent the composition of the protolith before 
migmatisation. Comparison of the two net compositions thus allows deduction of 
whether open or closed system behaviour occurred. That the mesosomne adequately 
represents the protolith is not, however, a fully satisfactory assumption. The exact 
protolith is destroyed during migrnatisation, and it must be borne in mind that the 
adjacent mesosome need not have been identical to that part of the rock which was 
migmatised. In fact if it was identical why was it not also migmatised? It might be 
possible to trace particular metamorphic horizons from unmigmatised to migmatised 
in some areas, but the often very complex structizrcmhown by migmatites makes this 
unlikely. In most situations, therefore, only the migmatised rock itself is available to 
study. 
Alternatively, it is possible to look at the leucosome itself in some detail in 
order to assess the likelihood of the different modes of formation. There are a number 
of properties exhibited by leucosomes which can point to their origin: grain 
characteristics and relationships, chemical and mineralogical composition. Ashworth 
(1976), McLellan (1983), and Ashworth and McLellan (1985) outline the use of 
certain grain properties as indicators of the origin of the leucosome. For example, a 
11 
TABLE 2.1. POSSIBLE CRITERIA FOR DISTINGUISHING BETWEEN 
DIFFERENT LEUCOSOME-FORMING PROCESSES - (TAKEN FROM 
YARDLEY, 1978). 
Criterion 	External rnetasomatism Igneous injection Metamorphic segregation Anatocis 
Bulk composition of 	Clanged Changed Not changed Not changed 
migmatized rocks 
Leucosotne compost- 	Not defined. Composi- All igneous intrusive types Potentially variable. Phases Composition will be that of partial 
tion 	 Lion and nature of are potentially possible likely also to be present in melt produced from host, a hmc- 
phases not directly re- host rock, and of similar tion of P, T, PH ,0 and host-rock 
lated to mineralogy of composition in both vein composition. Mineralogy may 
host rocks and restite differ from host - for example, 
K-feldspar probable 
Plagioclase composs- 	Not defined. Probably Not defined. Significant Very similar to that in rods- Significantly more sodic than that 
non in leucosorne unlike that in host rock normal zoning likely nosome but may be slightly in melanosome. Normal zoning  
unless there has been more sodic. Minor zoning possible 
interaction. Zoning is is possible' 
unlikely unless there 
have been changes in 
external source with 
time, or interactions 
with host took place 
Morphology of 	Only small amount of Only individual leucosomes Only small amount of fluid Total volume of Icucxsasrne mol 
kucosoenes fluid present at any one need have been molten at present at any one time. at one time, thereby mechanical'. 
time. Thus extensive, any one time. Thus, Thus, extensive, close- ly weakening rock. Agmaoza- 
dose-spaced letico- strongly anisosropic pat- spaced kucosomes possible tion and rotation of country 
somes possible without terns possible without to- without rotation of enclosed rock blocks likely where eaten- 
rotation of enclosed tanon of enclosed host host rock sive melting has occurred. 11- 
host rock rock. Individual veins may regular (for example, lentoid) 
include rotated xenoliths leucosome bodies also poslb1r.. 
Closed-spaced planar kuco- 
tomes improbable unless agmi' 
tization has occurred 
Internal textures of Commonly pegmatiiic 	Igneous textures Commonly coarse grained and Likely to be fine grained or aplieic. 
leucosoenes might be pegmatinc except for wa terundessatutatul 
types. Coexisting aphte and hy- 
drothermal pegmatite possiblC 
Regions of preferred Likely to form along 	Possible in a variety of host Along planes of weakness or Most extensively developed in 
development of ku- fracture zones, possibly 	rocks fractures, especially in very layers with lowest melting positS 
cosomes in a variety of host- ductile rocks 
rock lirhobgses. Might 
be pervasive locally - 
• Very small compositional changes may accompany partial recrystallization and segregation of host-rock plagiodase into veins, but, if present' they 
need not indicate external Inetasornausm. The possibility of minor chemical fractionation follows from the incongruent solution of plagioclase (Orvil 
1972) and the fact that in order for segregation to proceed, the recrystallized grains in the veins must be more stable, and hence less soluble, than tboic  
in the rcstite. Thus, a hydrothermal fluid saturated with respect to the relatively high-energy restite grains will contain a higher proportion of altt to 
anorshite in solution than the resote plaglodases and will be supersaturated relative to plagioclase in the leucosorne veins. If plagioclase is then p recipitated  
from that fluid onto grains in the kirosomc, the composition of th e  precipitated material must reflect the enrichment of albite in the fluid; at 
mediate stages in recrystailizanon, the more soluble component will be fractionated into the recrystallized material 
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very coarse grain-size is typical of crystallisation from a hydrothermal fluid, and finer 
grain-sizes are indicative of crystallisation from a silicate melt. Another aspect of 
these studies was to use the frequency of certain grain/grain contacts as a quantitative 
measure of textural "maturity". For instance, in a mature metamorphic rock like a 
gneiss, certain minerals will be concentrated in certain bands, and there will be a 
regular distribution of grain contacts. In contrast, in an immature granitic melt, grain 
contacts will be distributed randomly. 
A more intensive approach to textural "maturity" is the study of the angular 
relationships between grains. This is, in fact, one of the approaches taken in the 
present study. An introduction to the textural development of crystalline rocks is 
given in the next section, 2.2. 
The chemical and mineralogical compositions of the leucosomes can also be 
used to indicate their mode of origin. If the compositions of the leucosomes are 
comparable with a nearby igneous body, and bear no relation to the adjacent host 
rock, then intrusive injection seems a likely origin. Alternatively, if the leucosome 
compositions are compatible with eutectic melts of metamorphic protoliths then a 
partial melting origin is implied (Dougan, 1979; Lappin and Hollister, 1980). This is 
another approach taken in the present study and therefore an additional section is 
included in this chapter, section 2.3, which reviews recent phase equilibria studies in 
pelitic rocks. Obviously before this approach can be rigorously applied, the possible 
compositions to be shown by partial melts must be constrained. 
A further, and completely independent, approach is the use of stable isotope 
techniques to determine the origin of the leucosome. Chapter 8 outlines the details of 
this particular aspect of the present study. 
2.2. TEXTURAL DEVELOPMENT OF CRYSTALLINE ROCKS. 
Processes controlling the textural development of rocks, both during 
crystallisation from a melt and during later subsolidus adjustments, are sometimes 
very complex. Interpretation of many of the phenomena described in the following 
chapters will rely on an understanding of aspects related to the development of the 
observed textures. The purpose of this section is to provide a brief introduction to 
some of the theory associated with processes influencing textural development. Much 
of this theory is adopted from materials science literature where the importance of 
surface tension controls on the final textural configuration has been studied for some 
time. 
A system has reached textural equilibrium when all the crystal shapes, their 
boundaries and angular relationships conform with the types of textural constraints 
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particular to that system. In order to reach a state of minimum surface energy certain criteria 
must be met. For example, the angles between grain interfaces of particular phases will tend to 
be constant, as will the curvature of grain boundaries. Grains will also tend to increase in size. 
These criteria will be discussed more fully in the following sections. 
Most rocks, even on the scale of a thin section, show an incomplete approach to textural 
equilibrium. Study of crystal textures can give important information as to the processes active 
during the textural history of that rock. 
2.2.1. NUCLEATION AND THE GROWTH OF NUCLEI. 
The detailed theory surrounding nucleation will not be dealt with here; useful reviews 
can be found in Spry (1969) and Fyfe gLal (1978). Basically growth can only occur after the 
formation of stable nuclei which exceed a particular critical radius. Two types of nucleation are 
recognised; homogenous and heterogeneous. The formation of randomly distributed stable nuclei 
within the growth medium simply based on statistical probability is termed homogenous 
nucleation. In contrast, during heterogeneous nucleation, stable nuclei are not randomly 
distributed; but are concentrated at certain locations where the activation energy for nucleation is 
reduced. In a solid medium, such locations might include imperfections, such as impurities or 
dislocations in the growth medium (Spry, 1969). This is an important phenomena on which the 
"cold-working" of metals is based (Cotrell, 1975). Intense lattice strain is introduced at low 
temperatures by deforming the metal; this leads to enhanced recrystaflisation as the temperature 
is increased. 
Preferred nucleation is also associated with grain boundaries, as these are regions of 
higher energy than the adjacent crystals. Grain boundaries also represent the areas at which meL 
will first nucleate (McLean, 1957). In a monomineralic rock, this is due to the increased energy 
associated with the boundary resulting in lowering of the melting point (Gleiter and Chalmers, 
1972). In a polymineralic rock, as well as increased energy, grain boundaries also provide points 
where more than one phase is in contact (Mehnert et,1973). 
In a liquid medium, nucleation might occur at random locations throughout the liquid. 
Preferred nucleation, however, will occur where a pre-existing surface is available. This surface 
might take the form of the wall of the chamber or the surfaces of crystals already distributed 
within the liquid. 
Once a stable nucleus is formed, growth will occur. Crystal growth in a solid medium is 
considerably influenced by the properties of the surrounding crystals. Growth involves the 
advancement of the newly formed solid/solid interface at the expense of the surrounding 
material. This requires a continuous supply of the necessary components to form the new phase, 
coupled with dissolution (or mechanical displacement) of the surrounding phases. In contrast, the 
shapes of growing crystals in a liquid medium are determined by their internal morphology. 
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Growth is largely unimpeded by the surrounding liquid and shapes will therefore tend 
to be euhedral with well-developed crystal forms (Hunter, 1987). Growth is achieved 
through layer by layer adsorption of the necessary species Onto the crystal faces 
(Spry, 1969). This must be sustained by the diffusion of the relevant species towards 
the solid/liquid interface. Growth rate may or may not be simply a function of the 
availability of the species; complications related to the adsorption process itself may 
influence the rate of growth (Fyfe et al, 1978). For instance, the adsorption of certain 
species may block an exchange site, thus inhibiting further adsorption. 
Smaller crystals have a higher surface/volume ratio and hence a greater 
surface energy than larger crystals; they are, therefore, more soluble in the melt. This 
tends to result in the dissolution of material from the smaller crystals with 
reprecipitation on the larger crystals. This growth of the larger crystals at the expense 
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of the smaller crystals is known as Ostwald ripening (Kinget'i976; Jurewicz and 
Watson, 1985; Hunter, 1987). 
Both the rate of nucleation and the rate of subsequent growth can influence the 
final nature of the rock concerned; principally the absolute and relative grain-sizes of 
the phases present. Simplistically, crystals will grow largely unimpeded until 
EITHER the necessary species run out, OR crystals come into contact and start to 
interfere with ..ach other. In the situation of a crystallising silicate melt, the first 
phases to form tend to show euhedral to subhedral forms with their absolute sizes 
related to the availability of the necessary components e.g. apatite often forms tiny 
euhedral crystals, their size restricted by the fact that phosphorus is only present in 
trace amounts in the melt. On the other hand, common silicate minerals involving 
major elements might grow to relatively large sizes, restricted only by the 
impingement of different crystals at the latter stages of crystallisation. 
The final grain-size in a unit area is inversely proportional to the nucleation 
rate (Cutler, 1959). Also it will be the faster growing phases which will reach the 
largest size before crystal interference. As crystals become more and more abundant, 
they will start to touch, and ultimately will form a solid framework throughout which 
the remaining melt is distributed. It is at this point that crystal sintering (or textural 
equilibration) becomes particularly important, as the distribution of the melt phase is 
dependant on the textural relationships present within the system. Phases only 
beginning to crystallise at the later stages might be forced to take on the shapes left 
between the already formed crystals, i.e. the shape occupied by the interstitial melt 
phase. 
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2.2.2. CRYSTAL SINTERING PROCESSES AND THEIR CONSEQUENCES WITH 
RESPECT TO MELT DISTRIBUTION. 
Most phase sintering processes in the presence of a liquid ultimately lead to the overall 
densification of the solid crystal framework. Such processes include grain rearrangement, 
angular equilibration and grain coalescence (Kingery QLaL 1976; Jurewicz and Watson, 1985; 
Hunter, 1987). Any or all of these processes may be active at any particular time. 
Grain rearrangement simply involves grains sliding over one another in order to form a 
more densely packed material (Kingeiy rLd, 19.76). Angular equilibration occurs at the junction 
between two adjacent grains. When two crystals come into contact, a dihedral angle is formed at 
their junction. At the time of initial contact, this angle will be a function of the chance 
orientation of the crystals at that time. At textural equilibrium, however, the size of the angle is a 
function of the interfacial energies associated with the grain boundaries meeting at the junction 
(Spry, 1969; Bulau tW, 1979). 
Angular adjustments involve dissolution of material from areas of high relative surface 
energy, i.e. corners and junctions, with reprecipitation at points of lower energy further along the 
grain boundary (Hunter, 1987). The overall result is a rounding of crystals which have come into 
contact. Thus clusters or aggregates of crystals will tend to be more rounded, whereas single 
crystals not yet in contact with neighbouring crystals retain their euhedral outlines. A product of 
this solution/reprecipitation process during angular adjustments is the gradual consumption of 
the smaller crystals, as these have a higher surface energy. This formation of grain interfaces, 
followed by adjustment of the grain boundaries and occasional consumption of smaller grains is 
termed crystal sintering. A further consequence of the above processes is the development of 
grain boundaries with constant curvature. This is an important indicator of the approach of a 
particular rock volume to textural equilibrium. Certain aspects of the above processes are of 
particular interest when considering the distribution of melt:- 
the dihedral angle. 
the area of solid/solid contact in the system. 
The Dihedral Angle. 
The dihedral angle is an angle found at the intersection of three grain interfaces, i.e. the 
triple point between a combination of three phases. If one of the phases involved is a fluid i.e. a 
silicate-rich or a volatile-rich fluid, then the dihedral angle is often referred to in the literature as 
the wetting angle (Jurewicz and Watson, 1985). 
Although measured in a plane, the dihedral angle is, in fact, a function of three 
dimensional geometry. In three dimensions a grain boundary forms a plane. The intersection of 
two grain boundaries thus takes the form of a linear junction or dihedral edge (von Bargen and 
Waff, 1986). The dihedral angle is defined as the angle between the two planes measured 
perpendicular to the dihedral edge. Fig. 2.2 illustrates a partially molten system in three 
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dimensions. Shown in the diagram are instances where dihedral angles between the melt and the 
solid phases might be measured. 
The planes intersecting at a dihedral angle are associated with particular interfacial 
energies (related to the identity of the material on either side of the grain interface, and the 
orientation of the crystal lattice etc. with respect to the interface). The relative magnitudes of 
these interfacial energies dictate the size of the dihedral angle. The following relationship applies 
where one of the phases involved is a liquid:- 
where & is the dihedral angle, Y ss  is the interfacial energy associated with the solid/solid 
interface, and 1s1  is the interfacial energy associated with the solid/liquid interface. This 
relationship is well documented and the reader is referred to Smith, 1948; von Bargen and Waif, 
1986; Hunter, 1987; among others. According to the above relation, the larger the energy 
associated with the solid/liquid interface, the larger the dihedral angle. 
The size of the dihedral angle between the melt and the surrounding solid phases in a 
partially molten system profoundly influences the shape and distribution of the melt (Beere, 
1975; Park and Yoon, 1984; von Bargen and Waif, 1986; Toramaru and Fujii, 1986). In fig. 2.2 
the melt forms an interconnected phase, with melt at the corners between four grains connected 
by melt-filled channels along the edges between three grains. Whether or not the melt forms an 
interconnected phase like that just described is a function of the size of the dihedral angle. Fig. 
2.3 illustrates the effect of changing the size of the dihedral angle on the connectivity of the melt 
phase. At smaller angles, less than and around 500,  the melt is distributed quite evenly between 
the corners and the edge regions. As the angle approaches 60 0, however, more and more melt is 
restricted to the corner regions (the melt fraction in the figure is constant) with the melt channels 
along grain edges becoming more and more pinched. When the angle exceeds 600,  the channels 
pinch out completely and melt becomes isolated at the corners. 
The reason for these changes in connectivity is related to the angular geometry at the 
trihedral corner. The trihedral corner marks the point where four dihedral edges meet (see fig. 
2.4). What is of particular interest with respect to the connectivity of the melt phase is the 
"acuteness" of this point. The more acute the point, the farther along the dihedral edge between 
the three solid phases the melt will extend. The control on the acuteness of this point is the size 
of the wetting angle associated with the three dihedral edges involving the melt. 
Certain angular constraints must hold at the trihedral corner (Hunter, 1987):-
cos x/2 = 1/2 sin 0/2 
cos (1 80-y)= 1/ 3 tan 0/2 
For large angles of 0. e.g. 1200;  x = y = 109.50. However, as angles approach 600, x 
approaches 00,  and y approaches 1800.  For angles of 600  or less an apex will not form at all. 










Figure 2.2. (taken from Toramaru and Fujii, 1986) 
(a). A schematic figure showing a partially molten system composed of grains of 
various sizes and a melt phase. 
(b) Approximate shapes of the edge and corner regions. Also shown are where 
dihedral angles between the melt and the solid phases might be measured. 
w 
ali 
Figure 2.3. (taken from von l3argen and Waff, 1986) 
Schematic illustration of the effect of changing the size of the dihedral angle on the 



















Figure 2.4. (taken from Hunter, 1987) 
(a). The geometry of a second phase. B, at the junction of three adjacent grains of A 
showing the dihedral edge(s) and the trihedral corner. 
(h). Three-dimensional surface energy force vectors along the dihedral edge and at the 
trihedral corner. As Y increases, X decreases. When 9 = 60 0 , phase B forms a 
continuous triangular prism along the A-A-A grain edges, connecting all the pore 
spaces. 
Figure 2.5. (taken from Beere, 1975) 
The predicted geometry of two adjacent corner units when the dihedral angle is 
150 and the melt volume fraction is 2%. 
The predicted geometry of two adjacent corner units when the dihedral angle is 
900  and the melt fraction is 10%. 
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between different pockets of melt. Continuous changes however are observed with 
respect to the curvature of the pockets and/or channels as the dihedral angle changes, 
see fig. 2.5. In a rock volume consisting partly of solid phases and partly of silicate 
melt i.e. either a magma in advanced stages of crystallisation or a rock undergoing 
partial melting, the connectivity of the melt phase at small melt fractions is thus 
controlled by its angular relationships with the bounding phases. 
It is necessary also to consider the consequences of increasing the melt 
fraction. Note that in figure 2.5(b) the melt forms an interconnected phase even 
though the dihedral angle exceeds 600.  An additional control on melt connectivity is 
the melt fraction. For wetting angles less than 600,  the melt will form an 
interconnected network of channels along the grain intersections, no matter what the 
melt fraction. As the amount of melt increases, the actual geometry remains the same 
but the pockets of melt at corners and the channels along the grain edges become 
thicker. The solid/solid grain contact will therefore cut slowly back across the crystal 
faces, i.e. melt fraction increases at the expense of the solid/solid contact. Fig. 2.6 
shows the result of increasing the melt fraction while keeping the dihedral angle 
constant. 
In contrast, for wetting angles more than 600,  melt is, until some finite melt 
fraction has been exceeded, restricted to isolated pockets. However, as the melt 
fraction increases, the pockets will get larger and at some point connectivity will be 
induced. Fig. 2.7 shows graphically the connectivity of the melt phases as a function 
of the wetting angle and the melt fraction. 
As the melt fraction increases, in both of the above situations, ultimately 
crystal faces will be completely separated and disaggregation will occur. The 
particular melt fraction at which this occurs varies with the wetting angle, and has 
become known as the critical melt fraction. Once the critical melt fraction has been 
exceeded the rock will cease to behave as a solid and its rheological properties 
become that of a fluid. 
The above discussion assumes that melt at no time was removed from the 
system. Theoretically, as soon as the melt forms an interconnected body, it is possible 
to segregate it from the surrounding solid material. In the case of wetting angles more 
than 600,  some melt will be left trapped as the melt is removed. The amount of melt 
left behind is dependent on the wetting angle (von Bargen and Waif, 1986). In a real 
situation, segregation of the melt may be inhibited by the physical properties of the 
melt itself. For instance, granitic melts are very viscous, and very large melt fractions 
are required before movement of the melt will occur (Wickham, 1987). 
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Figure 2.6. (taken from von Bargen and WaIf, 1986) 
Schematic illustration of the changes in shape of the melt channels for a constant 


















50' 	60' 	70' 	80 	90 	100 
LwJ 
Figure 2.7. (taken from von Ba.rgen and WaIf, 1986) 
A graphical representation of the connectivity of the melt phase as a function of the 
dihedral angle, 9, and the melt fraction, f. 
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The Area of Solid/Solid Contact in the System. 
It was assumed in the discussion above that as the melt fraction increased, the 
melt remained evenly distributed throughout the system as a whole. Certain situations 
arise when melt will not be distributed quite as predicted with respect to the angular 
constraints of the trihedral corner. For example, a dihedral angle of 0 0 should, 
according to the above discussion, be associated with a melt phase which completely 
wets all crystal surfaces. In fact, the melt tends to segregate to the triple junctions 
(Raj, 1981). 
As well as the dihedral angle, another parameter controls the distribution of 
the melt phase. When two crystals come into contact, as well as fonmng a 
characteristic wetting angle with respect to the melt, the area of solid/solid contact 
between the two crystals in a minimum energy (textural equilibrium) situation is 
fixed. There is a particular contact area to grain radius ratio which is associated with 
minimising total surface energy (Stephenson and White, 1967). This ratio is given as:- 
y/r= sin 9/2 
where y is the area of the contact, r is the radius of the grains concerned, and 9 is the 
wetting angle. 
This introduces a new parameter in controlling the melt distribution; the 
equilibrium melt fraction. If, for a particular wetting angle, there is a specific 
equilibrium solid/solid contact area, there must a specific melt fraction at which a 
grain framework is saturated with respect to melt. Melt fractions exceeding this 
equilibrium fraction require that the solid/solid contact is reduced resulting in an 
increase of the surface energy of the system as a whole. At this point it would be 
favourable for melt to be removed from the system. For melt fractions less than the 
equilibrium melt fraction it would be energetically favourable for melt to be added to 
the system. 
Fig. 2.8 illustrates some of the same parameters as fig. 2.7, but additionally 
takes into account the effect of the amount of solid/solid contact in the system. In fig. 
2.8 different melt geometries are plotted against a dimensionless energy term and it 
can be seen that for a particular wetting angle there is a particular melt fraction at 
which the overall energy of the system is minimised. This coincides with the point at 
which the degree of solid/solid  contact minimises the total surface energy of the 
system. This is the equilibrium melt fraction. As melt fractions exceed the equilibrium 
melt fraction, and the excess melt cannot be extracted from the system, it will collect 
in pools surrounded by many grains. This is to preserve as much solid/solid contact as 
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Figure 2.8. (taken from Hunter, 1987) 
Schematic curves for dihedral angles, 0, as a function of volume fraction, 4B, and 
dimensionless energy. Energy minima are observed in the curves for angles less than 
600  which coincide with the point at which the degree of solid/solid contact 








2.2.3. SUBSOLIDUS RE-ADJUSTMENTS. 
At some point the whole system solidifies and the textural relationships 
become dominated by subsolidus processes. Specific combinations of phases should 
have particular dihedral angle relationships. Angular re-adjustment occurs via 
dissolution/reprecipitation processes, i.e. the diffusion of the necessary components 
from one location to another. The adjustments are therefore controlled by the kinetics 
of diffusive mass transport processes. There are various paths by which diffusion 
occurs; volume/lattice diffusion through crystals, diffusion along grain boundaries 
either with or without the presence of an intergranular film, or by free diffusion 
through a fluid phase (Dumey, 1976; Fyfe et al, 1978). Diffusion coefficients are 
orders of magnitude higher when in the presence of a fluid phase (Fyfe et al, 1978; 
Freer, 1981). 
Diffusion also varies with temperature, generally by an Arrhenius relationship, 
with increases in temperature being associated with more rapid rates of diffusion. 
However, care must be taken at high temperatures, as in aqueous solutions it has been 
noted that a maximum temperature is reached above which enhanced interaction 
between the diffusing species inhibits diffusion (Fyfe et al, 1978). At lower 
temperatures, and in the absence of a fluid phase, diffusion may be so slow that 
angular adjustments occur only over extremely long periods of time. 
Because subsolidus re-adjustments are often slow, non-equilibrium angular 
relationships can be preserved. For instance, many textures in igneous rocks are 
related to the order of crystallisation, and are not in textural equilibrium. The final 
shapes of grains having crystallised from a magma are to a large extent controlled by 
the time at which it nucleated relative to the associated grains, the number of nuclei 
involved, and the amount of textural equilibration occurring while melt still occupied 
part of the system (see previous two sections). After all melt has solidified, the slow 
nature of diffusive processes effectively "freeze in" the shapes of the phases just prior 
to solidification. 
Thus textural properties of the rocks can be used to assess the likelihood of the 
one-time presence of a melt phase as the textures in such a case will often have 
"frozen in" the angular relationships typical of a silicate melt rather than those 
expected of the solid phases now present. This has been taken advantage of in chapter 
6 where a quantitative study of the dihedral angles is used to assess the probabIlity of 
a melt phase having once been present, and hence determine the origin of the 
leucosomes. 
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2.3. PHASE EQUILIBRIA IN HIGH GRADE, PARTIALLY MELTED 
PELITIC ROCKS. 
There is a considerable amount of literature on the phase relations of pelitic 
rocks. The aim of the following section is to provide a brief summary of parts of this 
literature relevant to the present study. 
The model system KFMASH is of particular interest in consideration of the 
dominant phase relations in the pelitic/semi-pelitic rocks of the Ballacliulish aureole 
(Pattison, 1985). Many petrogenetic grids have been derived to illustrate phase 
relations within this system (e.g. Harte and Hudson, 1979; Thompson, 1982; Grant, 
1985). Fig 2.9 shows such a petrogenetic grid with specific application to thermal 
aureoles, and especially for Bailachulish (Pattison and Flarte, 1985). Of particular 
interest with respect to the present study are high temperature reactions occurring 
within this system which might involve the formation of a melt phase. This will allow 
consideration of whether the compositions of leucosomes are consistent with a partial 
melting origin. 
The following discussion first of all describes some controls on the position of 
melting reactions in P-T space, and then outlines some melting reactions likely to be 
active at the P-T conditions that were present in high grade rocks of the Ballachulish 
aureole. The last section deals with the likely compositions of resulting partial melts. 
2.3.1. INFLUENCES ON THE POSITION OF MELTING REACTIONS IN 
PRESSURE-TEMPERATURE SPACE. 
Melting reactions are influenced by many variables and although the Pattison 
and Harte grid (fig. 2.9) modelled the phase assemblages in equilibrium with the melt, 
it did not consider the detailed aspects of melt production. It is necessary to evaluate 
the effects of intensive variables such as aH20, aF e Mg. XK...Na  (not considered in 
KFMASH model systems), on melting reactions. A number of experimental studies 
on melting reactions of interest have been carried out; Tuttle and Bowen (1958), 
Shaw (1963), Kerrick (1972), Hoffer (1976), Seifert (1976), Holdaway and Lee 
(1977), Hoffer and Grant (1980), among others. 
An important influence on the temperature at which melting commences is the 
bulk chemistry of the rock concerned. The bulk rock chemistry controls which phase 
assemblage is present, and also the actual chemical compositions of phases within 
that assemblage. For instance, quartz and K-feldspar will melt at lower temperatures 
in the presence of a ferromagnesian phase. The presence of Mg-cordierite results in 
melting 20-300C lower than in its absence (Shaw, 1963; Seifert, 1976). The presence 
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Figure 2.9. (taken from Pattison and Rarte, 1985) 
A petrogenetic grid with particular application to thermal aureoles, and 
especially for Ballachulish. Shown are a number of calculated (dashed 
lines) and experimentally determined (solid lines) reactions. For further 
explanation, and the sources of the data the reader is referred to the 
above cited reference. In particular notice the positions of the melting 
reactions marked on the grid; reactions 21, 22 and 23. Melting reactions 
are discussed in more detail in the text. 
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of other ferromagnesian phases such as biotite show similar results (Hoffer, 1976; 
Hoffer and Grant, 1980; Le Breton and Thompson, 1988). Similarly, the presence of 
aluminous phases such as muscovite and Al-silicates also lower the quartz-K-feldspar 
solidus (Fyfe et al, 1978; Thompson, 1982). These relationships are summarised in 
fig. 2.10. In the A1203-K20 pseudo-binary diagram, the effect of adding excess 
A1203 over and above normative K-feldspar can be seen as a lowering of the melting 
temperature, i.e. eutectic melting of muscovite and K-feldspar occurs at a lower 
temperature than K-feldspar alone (quartz is always present as an excess phase). 
Adding FeO and MgO are shown to produce similar effects in the FeO+MgO-K 20 
pseudo-binary diagram. 
The relative effects of adding A1203, FeO and MgO are not fully known, and 
are related to the solubilities of these components in the silicate liquid (Green, 1976; 
Clemens and Wall, 1981; Vielzeuf and Holloway, 1988). The absolute solubilities are 
probably very small (Abbot and Clarke, 1979) and indeed it can be seen in the two 
pseudo-binary diagrams mentioned above that extremely A1203- or FeO/MgO-rich 
compositions melt via peritectic reactions, with the formation of an A1203- or 
FeOfMgO-rich solid as a product of the reaction. These pentectic reactions require 
higher temperatures once again. 
The relative effects of adding FeO and MgO are also unclear. Although it has 
generally been accepted that FeO-rich rocks are less refractory than their MgO-rich 
counterparts, a recent study by Le Breton and Thompson (1988) showed that XF e 
gamet>XFe liquid>XFe biotite . They concluded that intermediate pel itic 
compositions will melt eutectically before either FeO-rich or MgO-rich compositions. 
As the temperature rises, however, the relationships change, and XF e biotite>XFe 
Iiquid Therefore, at higher temperatures, biotite becomes a pentectic product of the 
melting reaction. New solid phases resulting from peritectic melting reactions might 
form complex textures and possibly selvages. 
Changing the compositions of the mineral phases themselves can also affect 
the positions of the reactions in P-T space. Substitution of Fe into cordierite moves 
the quartzlK-feldspar/cordierite solidus to lower temperatures, by approximately 20-
30°C (compare positions of reaction 39 in figs. 6A and 6B, Thompson, 1982; shown 
in fig. 2.[1). Experimental work on other univariant equilibria involving cordierite 
show shifts to lower pressures and temperatures associated with increasing Fe content 
(Holdaway and Lee, 1977; Mart ...gnole and Sisi, 1981). 
A compositional parameter not considered within the KFMASI-I model is 
Na20. Aspects of the system NKFMASH have been investigated (Abbott and Clarke,. 
1979; Thompson and Tracy, 1979). Addition of Na20 may result in the presence of 
plagioclase in the assemblage. Many of the melting reactions described above occur 
\ 
IC 
Figure 2. 10. (taken from Vielzeuf and Holloway, 1988) 
Pseudo-binary T-X diagrams in the systems AISi 205-KAJSi308, KAISi 308 - 
(Fe,Mg)SiO3, and (Fe,Mg)SiO3-AISi205 (with excess Si0 2 and H20), and the 
derivation of a pseudo-ternary liquidus diagram in the AFK system at 10Kb. Not to 
scale. 
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Figure 2.11. (taken from Thompson, 1982) 
P-T diagrams illustrating the effect of changing fluid conditions and 
bulk rock chemistry on the positions of various melting and dehydration 
reactions. For a more complete explanation, and the sources of the data 
the reader is referred to the above cited reference. The top two 
diagrams show available experimental data in the fluid present regions 
of the KMASH and KFASH systems, the bottom diagrams show available 
experimental data in the fluid absent regions. In particular compare the 
positions of reactions 39 and 42 in the KMASH system with their 
positions in the KFASH system. The phase triangles represent 
projections from Si02 and H20 onto KA1203 + A1203 + MgO(or FeO). These 
were included so that the projected melt compositions could be compared 
to whole rock bulk chemical data described in chapter 7 of this thesis. 
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at lower temperatures if plagioclase is present as an additional phase (Tuttle and 
Bowen, 1958; Kerrick, 1972; Thompson, 1974). 
Perhaps the most important variable to effect the position of melting reactions 
in P-T space is the behaviour of water. The presence of a hydrous fluid phase has a 
profound effect on the solidus, as illustrated in fig. 2.12. 
The composition of metamorphic fluids is generally considered to be that of a 
dilute brine. They lie mainly in the system C-H-O, if ionic species are ignored. Unless 
carbonate or graphite-bearing metasediments are important in the succession, the fluid 
is thought to be more or less pure water (Powell, 1983). Such is very probably the 
case in most of the rocks of interest in the present study. 
Such water might be present in the rock either as a free phase, as a film around 
mineral grains, or, potentially, in the form of structurally bound water. Robertson and 
Wylie, 1971, defined four types of situations which can exist before melting:- 
(1) WATER ABSENT - anhydrous minerals and no pore fluid. 
(II) WATER DEFICIENT AND VAPOUR ABSENT - hydrous minerals but 
no pore fluid. 
(ifi) WATER DEFICIENT AND VAPOUR PRESENT - the introduction of 
pore fluid, but insufficient to completely saturate any melts which may develop. 
(IV) WATER EXCESS - enough water present in whatever form to saturate 
the liquid produced after the whole crystalline phase has melted. 
In crustal rocks, it was recognised that situations II and ifi are probably more 
realistic, and which of these situations prevails dictates the subsequent melting 
sequence. 
Pore fluid may be present before subsolidus metamorphic reactions 
commence, or can arise either from release of some structurally bound water, or from 
the introduction of fluid from some external source. First of all, Situations in which 
water becomes available via the dehydration of hydrous minerals will be discussed. 
Various circumstances dictate whether or not hydrous minerals are still present when 
temperatures are sufficiently high for the resultant water to initiate melting reactions. 
The positions of dehydration reactions in P-T space are also controlled by 
compositional parameters. An important dehydration reaction in high grade pelitic 
rocks is the breakdown of muscovite with quartz to form feldspar and an Al-silicate 
(Thompson, 1982). This reaction is multivariant, e.g. the introduction of Tscherinak 
component into muscovite will lead to the production of a ferromagnesian phase 
(Green, 1976; Thompson, 1982). The identity of this ferromagnesian phase is 
dependent on pressure: with increasing pressure, cordierite, biotite and garnet occur. 
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Figure 2.12. (taken from Fyfe et at, 1978) 
Diagram showing the effect of the presence of water on the position of melting 
reactions in P-T space. 
aH,0 - 
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Figure 2.13. (taken from Clemens and Vielzeuf, 1987) 
Diagram showing how the position of the invariant point controlling dehydration 
melting in P-T space is affected by the activity of water. 
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reaction is also affected by other compositional controls (Thompson, 1974; Tracy, 
1978), for instance, K-Na solid solution between muscovite and paragoiute, Na-Ca 
solid solution in feldspars, and many others. 
Muscovite is not the only hydrous mineral present in the higher grade pelitic 
assemblages at Ballachulish; biotite is also a major constituent. Cordierite might also 
be a potential source of water, but to a lesser extent. Thus, other dehydration 
reactions, such as the dehydration of biotite, must be considered in addition to the 
breakdown of muscovite. These reactions have their own set of compositional 
controls in any specific P-T regime. 
If a small temperature interval is present between a dehydration and melting 
reaction, the water released via the dehydration reaction might remain in situ for long 
enough to be involved in the melting. Under certain conditions dehydration and 
melting reactions may overlap in P-T space. This creates an invariant point from 
which a vapour-absent melting curve must originate. This phenomena has become 
known as dehydration melting. In these situations water is released via dehydration 
from the micas and is immediately involved in melting reactions without ever having 
formed a free fluid phase. This is recognised as an important melting process in high 
grade pelitic assemblages (Thompson, 1982; Grant, 1985; among others). 
Experimental studies have been carried out on these dehydration melting reactions: 
Peto (1976) on muscovite dehydration melting; Clemens (1984), and Le Breton and 
Thompson (1988) on biotite dehydration melting. 
The position of the invariant point controlling dehydration melting in P-T 
space is determined by the positions of particular dehydration and melting reactions in 
question. Decreased water activity lowers the stability of hydrous minerals. This 
results in the movement of dehydration reactions to lower P-T conditions. Fig. 2.13 
illustrates how the position of this invariant point changes as a function of the activity 
of water. 
Biotite dehydration melting in most circumstances lies above muscovite 
dehydration melting in P-T space (Clemens and Vielzeuf, 1987; Le Breton and 
Thompson, 1988), and dehydration melting will occur sequentially. At high 
temperatures and pressures, however, back-bending of the biotite dehydration curve 
(see fig. 2.14) 'results in intersection with the muscovite dehydration curve and 
dehydration melting from this point occurs simultaneously. The amount of melt 
produced from these reactions is approximately equal to the amount of hydrous 
mineral consumed in the reaction (Waters, 1988). 
20 
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Figure 2.14. (taken from Le Breton and Thompson, 1988) 
Diagram showing how the biotite dehydration melting curve back-bends and 
intersects eventually with the muscovite dehydration melting curve. 
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2.3.2. POSSIBLE MELTING REACTIONS AT BALLACHULISH. 
As discussed in the previous section, melting can arise from a number of 
situations. Temperatures might be reached which exceed the eutectic or peritectic 
melting temperature of the mineral assemblage in question. This generally requires 
very high temperatures unless water is present. Alternatively, hydrous minerals might 
still be present at temperatures at which vapour-absent dehydration melting can occur 
(high water activities will reduce the P-T conditions under which melting reactions of 
this type occur). Melting processes at Bailachulish are therefore likely to have been 
complex, with more than one reaction curve being crossed as the temperature 
increased. Melt may have built up through a series of melting reactions. The variables 
discussed in section 2.3.1 may not have been constant throughout the melting 
sequence and may, in fact, have themselves been buffered by the melting reactions. 
The most likely melting reactions to occur in the Ballachulish aureole are 
those involving quartz and feldspar, with the possible involvement of an additional 
ferromagnesian or aluminous phase. Possible reactions are shown in figs. 2.9 and 
2.11; notice that both eutectic and peritectic reactions are possible. Fig. 2.9 comprises 
a petrogenetic grid particular to the Ballachulish aureole (Pattison and Harte, 1985). 
This grid was based on the petrographic observations of the authors as the igneous 
contact was approached. Metamorphic zones were mapped around the granite. The 
reactions occuring, and the temperature conditions they are thought to occur at, are 
shown in table 2.2. The pressure and temperature conditions of the aureole are up to 
7200C, and 2-3Kb (Pattison, 1985). It can be seen from perusal of the aforementioned 
figures that melting under these conditions, in most cases, requires the presence of 
water. 
Structurally bound water is the most likely source of water during contact 
metamorphism at Ballachulish where the rocks have already undergone regional 
metamorphism up to greenschist fades. Any free water is likely to have been lost 
during this regional metamorphic episode and the following time period during which 
uplift occurred. Structurally bound water must have been released via dehydration 
reactions to allow possible involvement in the melting reactions. Many of the low 
grade aureole reactions involve the dehydration of muscovite. The lower boundary of 
zone V (table 2.2) is marked by a major muscovite dehydration reaction; muscovite + 
quartz = Al-silicate + K-feldspar + vapour (Pattison, 1985; Pattison and Harte, 1985). 
The estimated temperature at this boundary is 635-650°C; and thus lower than that at 
which melt could be expected to occur. In rocks where muscovite is involved in a 
dehydration reaction at lower grades, there will be a temperature interval between 
dehydration and subsequent melting reactions. Some fluid liberated via this 
TABLE 2.2. A SUMMARY OF THE REACTIONS OCCURRING IN THE AUREOLE ROCKS AS THE 
IGNEOUS CONTACT IS APPROACHED. ALSO GIVEN ARE THE APPROXIMATE TEMPERATURES AT 
WHICH THE REACTIONS ARE THOUGHT TO OCCUR. ALL INFORMATION SHOWN IS TAKEN FROM 
PA1TISON, 1985. 
Reaction 	 Reaction No. Aureole Zone Approximate 
teniperature°C 
I 
Muscovite + Chlorite + Quartz = Cordierite + Biotite + Vapour 	1 	II 	530-550 
Muscovite + Cordierite = Quartz + Biotite + Al-silicate + Vapour 	2a 	ifi 	555-565 
Muscovite + Biotite + Quartz = Cordierite + K-feldspar + Vapour 2b IVajlVb 	610-630 
Muscovite + Quartz = Al-silicate + K-feldspar + Vapour 	 3 	VIVa 	6354650 
Biotite + Quartz + Al-silicate = Cordierite + K-feldspar + Vapour 	4a 
Muscovite + Cordierite = Biotite + Al-silicate + K-feldspar + Vapour 4b 
Muscovite = Corundum + K-feldspar + Vapour 	 5 	Vb 	670-680 
Biotite + Al-silicate = Corundum + Cordierite + K-feldspar + Vapour 	6 
t) 
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dehydration reaction may have left the rocks by the time melting commences, but it is 
possible that water might remain in situ as pore fluid. 
On the initiation of melting, the high solubility of water in silicate melts 
(Clemens and Vielzeuf, 1987) suggests that any pore fluid would be absorbed 
immediately into the melt rendering the assemblage anhydrous once more. Further 
melting will therefore depend on EITHER temperatures increasing enough to initiate 
"dry" melting of the anhydrous assemblage, OR further fluid-dependent melting if 
more fluid is made available by subsequent dehydration (e.g. biotite dehydration) or 
infiltration of externally derived fluid. Biotite dehydration melting requires 
temperatures in excess of 720 0C (Le Breton and Thompson, 1988) and it would seen 
therefore that biotite dehydration cannot be an important source of additional water in 
these rocks. It is possible that the igneous complex might provide an external source 
of water, and this possibility will be explored in subsequent chapters. 
As a further complication it must be borne in mind that the rock need not have 
followed a progressive model of metamorphism; the high grade rocks may not have 
undergone the full sequence of lower grade reactions. If this is the case, then regional 
assemblages may develop directly into melt-bearing assemblages without the 
development of intermediate low grade assemblages. Thus a form of disequilibrium 
dehydration melting might occur as a result of overstepping of the equilibrium 
reactions, e.g. quartz + chlorite + muscovite + biotite (no free fluid) react to form melt 
+ K-feldspar + cordierite + biotite. 
Melting reactions in the aureole rocks therefore might include limited 
muscovite-dehydration melting, but largely it seems more probable that melting will 
revolve around melting reactions in the presence of a fluid (either pore fluid resulting 
from earlier muscovite dehydration, or external water infiltrating from the pluton). 
The temperatures are too low for alternative dehydration melting reactions, or eutectic 
melting in fluid-absent conditions. Therefore, given that a fluid phase is made 
available, melting reactions might occur in rocks of the appropriate composition, i.e. 
rocks rich in quartz, feldspar, and an additional ferromagnesian phase. Given a variety 
of mineral assemblages with low melting temperatures, the major control on the 
development of melting reactions is thus the availability of water. 
The present uncertain knowledge of the precise compositions of melts in 
pelitic assemblages involving mineral phases such as corclierite, biotite and Al-
silicates has done much to hamper the identification of the exact melting reactions 
active at Bailachulish (see next section). 
2.3.3. MELT COMPOSITION. 
Melting occurs either eutectically or peritectically, and a liquid is formed with 
a composition controlled by the proportions and identities of the phases involved in 
the melting reaction. In the case of peritectic melting, the relationship between the 
composition of the melt and the phases involved in the melting reaction is somewhat 
more complex due to the formation of an additional new solid phase as well as the 
melt. Much recent attention has been given to the problem of trying to constrain the 
compositions of melts with varying conditions and degrees of melting (Thompson, 
1982; Grant, 1985; Clemens and Vielzeuf, 1987; Le Breton and Thompson, 1988; 
Vielzeuf and Holloway, 1988; among others). 
The composition of the melt is obviously dependtht on the compositions of 
the phases involved in the melting reactions. Melt can be regarded as the ultimate 
solid solution, with the H20, A1203, FeO and MgO contents continually changing as 
a function of the melting reactions, temperature, pressure and aH20  (Vielzeuf and 
Holloway, 1988). An added complication is that many components do not have a high 
solubility in silicate melt at the relatively low temperatures concerned, and once a 
certain concentration is exceeded, peritectic reactions occur leading to the 
precipitation of solid phases in conjunction with the melting. This effect has been 
mentioned already in 2.3.1. 
The amount of melting over a particular temperature interval is related to the 
slope of the liquidus in temperature-composition space (Thompson, 1982). If the 
slope is shallow, then for a particular composition the amount of melting may be quite 
large over a small temperature interval, and furthermore the composition of the melt 
may show a large variation. In pelitic rocks, steep liquidus isotherms imply that the 
melt composition is restricted, and that the proportion of melt remains small until 
temperatures are reached which are hundreds of degrees above the initial melting 
temperature. 
Initial melting in many pelitic/semi-pelitic rocks will involve eutectic melting 
of assemblages involving quartz and feldspar, with the possible involvement of a 
ferromagnesian phase. Ternary phase diagrams have been experimentally derived for 
simple systems such as quartz/K-feldspar/plagioclase and quartz/K-
feldspar/cordierite (see figs. 2.15 and 2.16 respectively) The evolution of the melt 
compositions will be dictated by the proportions of the relevant phases present, along 
with the temperature in question. Systems involving additional phases are more 
difficult to model. Simply speaking, the melt composition should once again he a 
function of the phases involved in the melt reactions. Fig. 2.17 is an AKF diagram 
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Figure 2.16. (taken from Schairer, 1954) 
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Figure 2.17. (taken from Grant, 1985) 
An AKF diagram showing the chemographic relations in the system 
KFASH. The shaded area represents that area in which the composition 
of melt in this system might lie. 
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Figure 2.18. (taken from Grant, 1985; and Vielzeuf and Holloway, 1988) 
Two examples of. hypothetical liquidus diagrams. The diagram on the left 
is for the system KFMASH projected through K-feldspar and vapour. 
Shown are the primary phase fields (capitals) and the compositions of 
the relevant solid phases (lower-case). The diagram on the right is a 
pseudo-ternary AKF diagram showing the positions of primary phase 
fields at 900°C. In both diagrams arrows represent possible paths taken 
by the liquid during crystallisation. Crystallisation paths in these 
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Figure 2.19. (taken from Thompson, 1982) 
A petrogenetic grid showing the positions of various important melting 
reactions in the systems KFMASH, KFNASH, and KNFMASH. In particular 
note the change in the positions of reactions 33 and 28 following the 
addition of Na-feldspar to the system. [Reaction 28: Mus + Ksp (+ Alb) + 
Als + Qtz + 1120 = L]. For more detailed discussion of this rather 
complex diagram the reader is referred to the above cited reference. 
The triangular diagrams are projections from K-feldspar, Al-silicate and 
quartz onto the plane FeO-MgO-H 20. Shown on these triangular diagrams 
are the possible locations of melt compositions in these systems. 
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Fig 2.18 shows two examples of ternary phase diagrams of complex systems 
(Grant, 1985; VieLzeuf and Holloway, 1988). Melting in these systems is a complex 
interplay of eutectic and peritectic melting reactions, with the composition of the melt 
changing continually as temperature increases. Fig. 2.19 shows postulated melt 
compositions in different pressure/temperature regions of a petrogenetic grid. 
Some attention has been given to the problem of the water content of the 
produced melt which has a profound effect on its viscosity. Clemens and Vielzeuf 
(1987) state that the melt water content is a function of the bulk chemistry of the rock 
undergoing melting, and the identity of any hydrous phases involved, as well as the 
pressure and temperature. Melts derived via muscovite dehydration melting were 
found to contain very high water contents relative to biotite dehydration. This water, 
on crystallisation of the melt, is expelled as a late stage volatile-rich fluid often 
causing retrograde hydrothermal alteration. 
41 
CHAPTER 3. PETROGRAPHIC ASPECTS OF TIlE LESS 
EXTENSIVELY MELTED ROCKS OF THE BALLACHULISII 
AUREOLE. 
3.1. INTRODUCTION. 
Features indicative of partial melting are widespread among the high grade 
pelitic and semi-pelitic rocks of the Ballachulish aureole. The more obvious examples 
of these comprise situations in which the primary layering has been disrupted with the 
more rigid layers forming angular fragments between which melted material has 
flowed. This disruption often occurs with relatively little disorientation of the 
fragments. Particularly good exposures of these features are found on the ridge to the 
west of the Alit Guibhsachain (on the eastern flank of the intrusive complex) and 
adjacent to the igneous contact by Coire Chaorainn in the south-east. Where melt is 
more abundant the fragments may become completely disorientated with respect to 
each other forming a breccia of randomly orientated xenoliths in a leucocratic matrix. 
This is particularly common in pelitic screens actually lying within the intrusive 
complex. Less obvious, but nevertheless widespread, melting features include smaller 
scale veins and network structures. 
The detailed petrography and mineralogy of these melt-associated features 
varies a great deal and will be described more fully in the following sections. Most of 
the pelitic and semi-pelitic rocks within the inner part of the aureole exhibit features 
like those described above. Their detailed distribution throughout the aureole is not 
uniform and three specific locations were chosen initially for more detailed study. 
They were thought between them to show a range of different features representative 
of most of the phenomena observed. 
The positions of the three main locations are shown in fig. 3.1. The first, time 
ridge to the W of the Alit Guibhsachain, has been mentioned already and will be 
referred to in the following text as the Alit Guibhsachain ridge. This location involves 
Appin Pimyllite and it is possible to follow lithologies from unmelied to partially 
melted as one approaches the igneous contact. The second location, approximately 
0.8.km.WSW of Sgorr Dhearg, consists of a metasedimentary screen of Appin 
Phyllite actually lying within the intrusive complex. In certain pans of this second 
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Figure 3.1. A schematic map of the geology of the Ballachulish Igneous 
Complex and its aureole. The positions of some locations of particular interest 
are noted. 1 - The Alit Guibhsachain Ridge, 2 - The Sgorr Dhearg 






the metasedirnents introducing the additional effect of an externally-derived igneous 
component. 
The third location, referred to as the "Chaotic Zone", consists of Leven Schist 
and lies on the western flank of the intrusive complex. This location is characterised 
by disruption of the original foliation on a much larger scale than elsewhere, which is 
attributed to the greater extent of melting within the area. 
The following chapter will consist of detailed descriptions from the first two 
of these locations. The third location, the "Chaotic Zone", will be treated separately in 
chapter 4, although many of the phenomena observed in this location are comparable 
to features in the less extensively melted rocks. 
3.2. THE ALLT GUIBHSACHALN RIDGE. 
This location covers parts of the ridge to the W of the Alit Guibhsachaiii 
stream. It is situated to the NE of the intrusive complex and covers one limb of a 
synclinal structure involving Appin Phyllite lithologies (see fig. 3.1). 
Compositional layering in the unmelted pelitic/semi-pelitic lithologies is 
commonly reflected in the field by variations in the abundance of cordierite, Al-
silicates, biotite and leucocratic components. The size and abundance of cordierite 
porphyroblasts is a particularly noticeable characteristic of many layers as cordierite 
weathers out leaving cordierite-rich lithologies with a spotted, "pock-marked" 
appearance. Mineralogical variations can also be observed under the microscope, 
indicating that compositional layering in these rocks is preserved on a scale of 
millimetres. 
The orientation of the layering is roughly perpendicular to the igneous contact. 
This location therefore provides a good opportunity to study in detail the changes in 
behaviour of the various lithologies as the contact is approached. The grade of the 
pelitic/semi-pelitic rocks studied at this location ranges upwards from just above the 
zone IV to V transition (Pattison, 1985). As the igneous contact is approached 
features possibly indicative of partial melting start to develop. Initially leucocratic 
veins and segregations appear and, closer to the contact, disruption of the primary 
layering occurs in the form of boudinage and brecciation. In detail the types of 
phenomena observed exhibit a great deal of diversity. Many of these features are 
coarse enough to be easily discernible in the field. l4owever, some features developed 
in these high grade rocks are only apparent on a microscopic scale. 
For ease of description the different features have been divided into some very 
broad groups based mainly on simple morphological or textural properties. Quite 
often these groups grade morphologically into one another and therefore it should be 
noted that these groups do not make up hard and fast divisions. The groups are as 
follows:- 
BOUDINAGE AND BRECCIA STRUCTURES. 
DISCRETE LEUCOSOMES. 
SMALL-SCALE NETWORKS. 
Each group is described individually in the following sections. 
3.2.1. BOUDINAGE AND BRECCIA STRUCTURES. 
Introduction. 
Boudinage and breccia structures are the most obvious examples of melt 
phenomena observed as the igneous contact is approached. They first appear about 
200m. from the contact and become increasingly abundant upgrade. 
The boudinage structures have arisen through the segmentation of more 
competent metasedimentary layers to form rectilinear fragments. The spaces between 
these fragments are filled with leucocratic material which often appears to connect 
with the adjacent metasedimentary layers. In these boudinage structures there is little 
major displacement of the fragments relative to one another, and the general 
parallelism of the fragments is retained. This is not the case for breccia structures. 
Breccias consist of randomly orientated fragments of homfels "floating" in a 
generally quite homogenous leucocratic matrix material. The exact nature of the 
matrix varies considerably as will be described in later sections. Examples are found 
which show features intermediate between the aligned boudinage structures and 
randomly orientated breccias implying that there is a continuous gradation frorn one 
to the other dependent mainly on the amount of disruption of the rigid hornfels 
fragments. 
These boudinage and breccia structures have also been noted by previous 
authors from various localities around the aureole. Descriptions can be found by 
Platten (pers. comms.), Pattison (1985), Pattison and Harte (1988) among others. 
The amount of variability exhibited by these structures in individual samples 
is considerable and it is difficult to place different features into generalised categories. 
Some rough classification was carried out by Pattison (1985) recording different 
layers and zones. A summary of these layers and zones taken from his thesis is shown 
in table 3.1. However, in detail such classification systems indicate sharper 
distinctions between types than is appropriate and may lead to over-simplification 
when it comes to the interpretation of these rocks. 
pf 
The following text will first of all give a general description of the field and 
hand specimen characteristics of these boudinage and breccia structures. After this the 
TABLE 3.1. SUMMARY OF THE MIGMATITIC LAYERS AND ZONES AS GIVEN BY PATI1SON, 1985. 
Type LineraloU 	Example 	Cotmients 	
Interpretation 
A 	Kf-B1+Pl D67 	
Kf may be surrounded by lntergranular Restite from a peliticor semehtic layer 
albite. 	 after separation of a Kf-Q-rich melt. 
B Cd-Bi-Q-PL+Kf 067 Rigid hornfels fragments that maycon- 
Primary bedding layer that has not melted. 
- torn a Ki-absent arid/or 81-rich 
selvage. 
C Q-Kf+B+Pl - 067, 0609 
Plastic-looking layers that have 
is inter- 
Semipelitic layers that contained an inter- 
melt phase, which allowed the granular - internally deformed; 	Kf 
stitial 	to subhedral-rounded quartz layers to internally deform and flow. 
grains. 
0 Kf-Q+Pl+Tourm 0551 VerycoarseKf-Q zone, often cored 
Initial vapour-rich melt that migrated 
between rigid - with quartz, found in between dis- into low pressure zones 
placed rigid bedding fragments; bedding fragments. 
pegmatite. 
£ Cd-Kf+As+COr+Pl D551, 609 Q. 01-absent rigid hornfels fragments 
Primary pelitic bedding layer that has not 
- - 	- that always contain a Kf-absent and melted. 
sometimes 01-rich selvage. 
F Kf-Q-Bi+Pl 0551 Thick (2-3 cm) layer that has intern- 
See layer C. 
ally deformed; 	similar to layer C. 
G Kf-Q+BisPl 0609 Medium grained, cross cutting leuco- 
Mobile partial melt- more competent than 
- some with intergranular albite; the coarser grained pegmatite. 
suspends rigid bedding fragment. 
Ii Kf4QP1 0611 Wi-scale Kf-dominated leucosome; 
Residue from a 	Partial melt or hydrothermal 
- - intergranular albite present. fluid? c/I 
46 
different textural components of the structures will be described in some detail. A 
discussion of the various processes responsible for the formation of these structures is 
presented in section 3.3. 
General field and hand specimen description. 
Elouditiage. 
The first indication of boudinage in the field is the occurrence of layers cross-
cut by short leucocratic veins (plate 3.1a). The layers affected in this way are the 
more homogenous Al-silicate-rich/cordierite-rich hornfels layers rather than the more 
schistose, biotite-rich layers. The width of the affected layers varies from millimetres 
to tens of centimetres. The short cross-cutting veins are usually orientated 
approximately perpendicular to the metasedimentary layering but can be oblique. 
Occasionally only one layer is affected in this way but more often a series of 
adjacent layers will be boudinaged (plate 3.1b). In these situations the cross-cutting 
veins of adjacent layers often do not develop at the same lateral position, so that they 
are not continuous across layers. The boudinaged layers are not of a constant 
thickness in one exposure, nor are distances between different cross-cutting veins in a 
particular layer constant. However, the resultant boudin fragments are typically 
elongate parallel to the metasedimentary layering. Where more disruption occurs 
there is some disorientation of the boudin fragments relative to one another (plate 
3.1c) and a transition occurs between boudinage and breccia structures. 
Often, but not always, an identifiable set of leucocratic seams or veins are 
observed running parallel to the metasedimentary layering. These layer-parallel 
leucosomes are connected to the cross-cutting veins. 
Breccia. 
The first appearance of breccias in the field coincides with the first appearance 
of boudinage structures. However, breccias are not abundant until higher grades 
relative to boudinage structures. Again a range of scales of development observed, 
with the thickness of homfels fragments in the range millimetres to centimetres. 
Fragments tens of centimetres in width are not observed. 
Although the fragments in breccias are disorientated with respect to each 
other, they often show similarities in composition indicating that at one time they 
represented a single layer. The matrix between the fragments appears uniform. The 
overall appearance of these breccias is that of a leucocratic "patch" (plate 3.2a) with 
fragments of homfels "floating" within it. These patches are not large, never 
exceeding half a metre in diameter. The proportion of the patch occupied by 
fragments versus matrix also varies i.e. some patches contain very few fragments 
whereas in others it is the fragments themselves which dominate. 
PLATE 3.1 
Ia. Bouditiage structure is shown on the left where a thick layer is cross-
cut at right angles by a leucocratic vein. The right hand part of the figure 
shows a system of feldspathic veins orientated largely parallel to the 
layering. These veins are connected by thin veinlets to leucocratic parts of 
the adjacent homfels. Rock No. C49. 
lb. Boudinage giving rise to cross-cutting leucosomes which can be seen 
affecting a variety of layers in this exposure. 
ic. Cut surface of a specimen showing fragments which have been slightly 
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2a. Breccia with homfels fragments showing random orientation and 
surrounded by a fairly uniform matrix material. In this case the breccia 
patch fonris a parallel sided body which is consistent with the orientation 
of the surrounding metasediment. Rock No. C49. 
2b. Irregularly-shaped breccia patch with a cross-cutting relationship with 
the adjacent metasediment. Metasediznent in the right hand side of figure 
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The shape of the breccia "patches" and the relationship between them and the 
surrounding rock varies. Often the patch shows some confonnity with the layering. 
For example, plate 3.2a shows such a patch forming a parallel-sided body which is 
consistent with the orientation of the surrounding metasedimentary layers. This is not 
always the case; more irregular relationships are sometimes observed. Plate 3.21 
shows a situation in which an irregularly shaped breccia body has an overall cross-
cutting relationship with the associated layering. 
Detailed petrographic description. 
It is apparent that boudinage and breccia structures are part of a continuous 
series of structures. They are made up of a number of distinct members:- 
Rigid homfels fragments. 
Cross-cutting leucosomes. 
Layer-parallel material. 
Uniform leucocratic matrix (generally restricted to breccias). 
These are described in some detail below. 
1. Rigid hornfels fragments. 
These fragments represent more competent metasedimentary layers in the 
original rock. Layers B and E of Patlison (table 3.1) would fall within this category. 
The mineralogical composition of these fragments is invariably that of an Al-rich 
pelite; the bulk of the rock is made up of Al-rich silicates; cordierite, 
andalusite/s ill imarnie, and the aluminium oxide, corundum. The remaining minerals 
commonly consist of K-feldspar, plagioclase, rutile, ilmenite and tourmaline. Quartz 
and biotite are present only in very low quantities if at all. 
In many boudinage samples (see colour plate 3.1a) it can be seen that the 
original layer has fractured perpendicular to its length, in this case leading to the 
formation of three very regular rectilinear fragments. However, although the fractures 
commonly cross-cut the boudinaged layer at right angles, fracturing in the plane of 
the layers shows no such preferred orientation. In colour plate 3.1a, the fragment on 
the left has been displaced slightly upwards. This possibly provides an explanation for 
the more fractured appearance of the area between the two fragments; shearing 
motion coupled with extensional stress may have produced a more complex fracture 
pattern. The space between the fragments to the right of this is not associated with any 
displacement and consists of a single, straight fracture. Notice the presence of a 1-
2mm. thick, K-feldspar-absent selvage around the edges of each fragment. 
A rectilinear fragment morphology, such as that just described, is frequently 
observed in both boudinage and breccia structures. For instance, in the breccia sample 
illustrated in plate 3.2a most of the fragments exhibit a rectilinear morphology. Biotite 
COLOUR PLATE 3.1 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate 3.1a. Stained surface of a typical boudinage sample in which 
the layer has been fractured perpendicular to its length forming rectilinear 
fragments. Fragment on the left has been displaced slightly upwards and 
the associated cross-cutting structure has a more fractured appearance, 
possibly related to displacement activity. Notice running parallel to the 
length of the boudins are long thin feldspathic veins which are similar in 
appearance to the material in-filling the cross-cutting structures. Around 
the edges of the boudin fragments is a thin, K-feldspar-absent selvage. 
Rock No. C18. 
Colour plate 3.1b. Stained surface of a breccia sample in which the 
fragments exhibit an unusual crescent-shaped morphology. Obvious K-
feldspar-absent selvages surround the outer edges of the fragments. The K-
feldspar-rich matrix material around the fragments is not quite 
homogenous, containing irregularly-shaped coarser-grained areas which 
are usually K-feldspar-enriched. Rock No. C47. 
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concentrations are occasionally observed at the margins of the fragments, running 
along the lengths of fragments; these would appear to be associated with processes in 
the adjacent metasedirnenlary layers rather than in the fragments themselves (see 
later). 
Some deviations from a rectilinear morphology are observed. Colour plate 
3.1b shows a breccia sample in which fragments taper lengthwise to a point producing 
roughly crescent-shaped fragments. A 1.0mm. thick K-feldspar-absent selvage is 
present at the edges of fragments. Colour plate 3.2a shows another example in which 
the fragments do not exhibit a rectilinear habit. This sample is structurally 
intennediate between boudinage and breccia; only a small amount of displacement of 
fragments has occurred. The fragments in this case would appear to have undergone 
some kind of ductile folding process. The edges of the fragment are tightly crenulated 
about one fold hinge and more openly folded about another (as indicated in colour 
plate 3.2a). Notice that a K-feldspar-absent selvage is present which follows the 
irregular outline of the fragments, thus remaining at approximately the same thickness 
at all times. 
K-feldspar-absent selvages are frequently present regardless of the fragment 
morphology. Generally speaking, these selvages remain at an approximately constant 
thickness all round the edges of the fragments. In detail the inner edge of the selvage 
is often slightly undulose. The presence of these selvages implies some sort of 
reaction between the fragments and their surrounding material. 
2. Cross-cutting leucosomes. 
Spaces between fragments range from around 1.0mm. to more than I .0cm. 
Wider spaces are usually, but not always associated with thicker fragments (compare 
plate 3.1a with colour plate 3.1a). These spaces are occupied by often quite coarse-
grained leucocratic veins. The grain-size would appear to vary according to the width 
of the leucosomes; finer grain-sizes associated with thinner veins. These veins 
correspond to the Dleucosome of Pattison, 1985 (table 3.1). 
The central part of a. cross-cutting vein is often occupied by large quartz 
crystals, up to 0.5cm. long in some instances. Plate 3.3a shows a typical example. The 
Outer part of the vein consists of smaller K-feldspar crystals. The K-feldspar crystals 
are perthitic in nature, occasionally coarseijperthitic. Frequently euhedral K-
feldspar edges project into the central quartz. Some veins are particularly K-feldspar-
rich. In these veins the central part of the vein consists of numerous small subhedral 
to euhedral K-feldspar crystals which are partially or wholly enclosed by large 
optically continuous quartz crystals, see plate 3.3b. Plagioclase, biotite and tourmaline 




COLOUR PLATE 3.2 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate 3.2a. Stained surface of a breccia example in which the 
fragments exhibit an extremely irregular outline. This sample is 
structurally intermediate between boudinage and breccia; only a small 
amount of displacement of fragments has occurred. The fragments in this 
case would appear to have undergone some kind of ductile folding 
process. The edges of the fragment are tightly crenulated about one fold 
hinge and more openly folded about another. Notice that a K-feldspar-
absent selvage is present which follows the irregular outline of the 
fragments, thus remaining at approximately the same thickness at all 
times. Rock No. C2. 
Colour plate 3.2b. Surface (stained yellow for K-feldspar) of a hand 
specimen of breccia with K-feldspar-rich leucocratic matrix. Notice the K-
feldspar-enriched nature of the material immediately adjacent to the 
hornfels fragments. Rock No. C49. 
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PLATE 3.3 
3a. Thin section of a typical example of a cross-cutting leucosome. The 
outer edge comprises smaller K-feldspar crystals of which euhedral faces 
are often observed projecting into the central quartz. Running parallel to 
the lengths of the fragments is a K-feldspar-rich leucocratic structure 
associated with a biotite-rich selvage. [ppl] Height of photograph = 1cm. 
Rock No. C35. 
3b. Thin section of a K-feldspar-rich leucosome comprising many 
subhedral to euhedral K-feldspar crystals partially or wholly enclosed by a 
large quartz crystal. Lppli Height of photograph = 0.6mm. Rock No. C35. 
3c. Thin section showing a cross-cutting leucosome exhibiting a curved, 
sinuous morphology and numerous venous extensions protruding into the 
adjacent hornfets. Biotite-rich selvages are associated with certain parts of 
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Although most of the cross-cutting leucosomes associated with the boudinage 
are quite straight and generally parallel-sided, some exceptions are found, as shown in 
plate 3.3c. In this case, the main part of the leucosome is sinuous, and numerous 
venous extensions protrude into the adjacent homfels fragment. The venous 
extensions are generally orientated in a direction parallel to the external 
rnetasedimentary layering. An additional feature shown in plate 3.3c is the presence 
of biotite selvages. These consist of concentrations of biotite plates along the edge or 
close to the edge of the leucosomes. Biotite selvages are only rarely observed 
associated with the cross-cutting leucosome, being associated more conunonly with 
the lengths of the boudin fragments. 
In summary the cross-cutting leucosomes vary in detail, but some basic 
characteristics remain the same; for example the anhedral, interstitial nature of the 
quartz and the concentration of quartz towards the centre of the leucosome. ilie 
amount of feldspar relative to quartz varies considerably from sample to sample. '11e 
overall morphology of the leucosomes tends to be simple; straight and parallel-sided, 
but more complex structures are observed. The more complex, irregular leucosoines 
are often associated with biotite selvages. 
3. Layer-parallel material. 
The material running parallel to the boudin fragments, and often apparently 
connected with the cross-cutting leucosomes, is variable in character and is 
consistently made up of a combination of up to four different components:- 
Coarse-grained K-feldspar-rich leucosome. 
Biotite-rich selvage. 
Fine-grained K-feldspar/blot ite granofels. 
Quartz-rich semi-pelitic material. 
The distribution and relationship between these four components is complex 
and difficult to interpret. Each of these components will now be described in turn:- 
a). Coarse-grained K-feldspar-rich leucosorne - the absolute grain-size of this 
material varies from sample to sample, but is always coarse-grained relative to its 
immediately surrounding environment (with the exception of cross-cutting 
leucosomes). K-feldspar is commonly perthitic and subhedral to euhedral in habit. 
Albite is occasionally present as rims around the K-feldspar crystals (such a texture is 
also described by Paulson, 1985, layer I-I, see table 3.1). 
K-feldspar is unevenly distributed laterally along the leucosorne, as shown in 
plate 3.4a. Some areas can be virtually moriomineralic and show the same textural 
characteristics as the monomineralic feldspathic veins to be described in section 3.2.2. 
In other areas some quartz is present, taking the form of large interstitial crystals into 
PLATE 3.4 
Thin section in which a coarse-grained K-feldspar-rich leucosome can 
be seen running vertically through the view. It is apparent that within the 
leucosome the lateral concentration of K-feldspar is variable. Ippli Width 
of photograph = 5mm. Rock No. C18. 
Thin section showing a close-up of the junction between a parallel 
leucosome and the associated cross-cutting leucosome. Notice that the 
textural relationships are the same but that the proportion of K-feldspar 
changes abruptly. [xpl] Width of photograph = 1.5mm. Rock No. C18. 
Thin section showing intense concentrations of biotite forming 
distinctive biotite selvages as part of the layer parallel material adjacent to 
boudins. In this example the selvage is intergrown with K-feldspar-rich 
leucocratic material. [ppl] Width of photograph = 1cm. Rock No. C23. 
Thin section of fine-grained K-feldspar/biotite granofels exhibiting a 
well developed granuloblastic texture. Approximate 120 0 angles are 
common at the triple points between three grains. [xpI] Width of 
photograph = 0.45mm. Rock No. C34. 
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which euhedral K-feldspar faces project; again a similarity to the quarlzofcldspatl,ic 
veins is noted. These parallel leucosornes show similar textural relationships to their 
associated cross-cutting veins, but are invariably more K-feldspar-rich in 
composition. Plate 3.4b shows a close-up of the junction between a parallel 
leucosorne and the associated cross-cutting vein. 
b). Biotite-rich selvages - these consist of intense concentrations of biotite 
laths (plate 3.4c), O.l-I.Omm. long, generally orientated parallel to the 
metaseditnentary layering. Occasionally amorphous masses of opaque oxide 
(magnet ite/itmenite) are intergrown with the biotite. 
C). Fine-grained K-feidsparlbiotite granofels - very fine-grained, about 
O.lnun, equigranular homfels consisting of granuloblastic masses of perihitic K-
feldspar and biotite laths (plate 3.4d). hnportant additional phases include quartz and 
plagioclase. Cordierite and tourmaline are occasionally present. Layer A described by 
Pattison (table 3.1) falls into this category. 
d). Quartz-rich semi-peliric material - this is usually slightly coarser than (c), 
having grain-sizes of 0.2-0.3mm. It consists mainly of large, subhedral to rounded 
quartz crystals surrounded by a matrix of slightly finer-grained plagioclase, K-
feldspar and biotite (plate 3.5a). Layers C and F of Pattison (table 3.1) fall within this 
group. 
In detail the distribution of these components varies from sample to sample. 
An example of one of the most simple arrangements is shown in plate 3.3a. A K-
feldspar-rich leucosome runs parallel to the layering. This leucosome is similar in 
thickness to the associated cross-cutting leucosome. Mmeralogically it grades 
smoothly into this cross-cutting vein. A biotite-rich selvage is present along the edge 
of the layer-parallel leucosome. in this example the biotite selvage is quite uniformly 
distributed along one side of the leucosome; in other examples this is not the case. 
Often either side of the leucosome is associated with erratically arranged 
concentrations of biotite. 
Plate 3.5b shows another fairly simple arrangement. In this example there is 
no leucosome running parallel to the fragments. Instead fine-grairied K-
feldspar/biotite granofels is present. It can be seen that the biotite is not evenly 
distributed but tends to be concentrated in streaks. These streaks are generally 
orientated parallel to the layering, and may approach a biotite-rich selvage in 
character. Adjacent to the cross-cutting leucosorne these biotite streaks bend in 
towards it. This implies mechanical displacement of the biotite streaks by the 
PLATE 3.5 
5a. 17hin section of quartz-rich semi-pelitic material comprising subhedral 
to rounded quartz crystals in a fine-grained matrix of feldspar and 
occasional biotite ppl]. Width of photograph = 1mm. Rock No. C34. 
Sb. A thin section view showing the distribution of different components 
running parallel to the boudin fragments. The main component in this 
example is fine-grained granofels containing biotite-rich streaks. Quartz-
rich semi-pelitic material is seen on the ur?e.r ec. of the view. Notice 
that there is faint lineation in the fine-grained homfels, picked out mainly 
by the biotite-rich streaks, which can be seen to curve in towards the cross-
cutting structure. Ippi] Width of photograph = 6mm. Rock No. C34. 
5c. Thin section view of a more complex arangement of the different 
components parallel to the lengths of the fragments. Just visible at the 
ecce. of the view is biotite selvage, immediately adjacent to which is 
fine-grained homfels, then K-feldspar-rich leucocratic material. The rest of 
the view comprises slithers of fine-grained homfels bounded by biotite-
rich selvages and separated by K-feldspar-rich leucosomes. These K-
feldspar-rich leucosomes connect with the cross-cutting leucosome most 
of which is not in the picture. Ippli Width of picture = 1cm. Rock No. C35. 
Sd. Thin section of a sample with structure intermediate between 
boudinage and breccia which shows a less marked difference between the 
cross-cutting and parallel running material in comparison with boudinaged 
specimens. A biotite-rich selvage is still seen to be restricted to parallel to 
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movement of material into the cross-cutting veins. Biotite selvages also occasionally 
exhibit this effect. 
Frequently more complex relationships are observed. Plate 34c in fact 
Consists of unusually thick biotite selvages intimately intergrown with both coarse-
grained leucosome and fine-grained granofels. Plate 3.5c shows another example of a 
more complex arrangement. In each of these complex samples there are the same four 
components as observed in simpler arrangements, but they are more intimately 
intergrown in these more complex rocks. It can also be seen that there is often an 
increase in disruption of the overall structural layering of these components adjacent 
to the cross-cutting leucosomes. This is often accompanied by bending in towards the 
cross-cutting vein i.e. a major cause of the disruption could be movement of material 
into or towards the vein 
In samples intermediate between boudinage and breccia, the differences in the 
character of material occupying the spaces between fragments and material running 
parallel to it become less pronounced. Plate 3.5d illustrates such an example. The 
matrix consists of K-feldspar-rich material similar in character to the K-feldspar-rich 
material making up both the cross-cutting leucosome and the parallel leucosome. K-
feldspar is not distributed uniformly through the matrix; it is dominant in some areas 
but in others a high proportion of quartz is present. Crystal relationships are the same 
as described in leucosomes previously. Streaky biotite concentrations are found 
orientated in a direction which coincides with the length of the fragments. 
4. Uniform Ieucocra(ic matrix. 
This member is most commonly associated with breccias, and there is no 
distinction between the leucocratic material between and running parallel to the 
fragments. Although this matrix is often reasonably homogenous within one particular 
sample, it can show considerable variation between samples. Three broad matrix 
types can be identified dependent mainly on mineralogical composition. 
K-feldspar-rich leucocratic matrix. 
Plagioclase-rich leucocratic matrix. 
Ductile seini-pelitic matrix. 
The distribution of these matrix types varies. K -feldspar- rich leucocratic 
matrix is quite widespread, first appearing about 200m. from the contact. Plagioclase-
rich matrix is only observed within about lOOm. of the igneous contact. Ductile semi-
pelitic matrix, although less abundant than the K-feldspar-rich matrix, is distributed 
over a similar area. 
a). K-feldspar-rich leucocratic matrix - this matrix comprises material not 
unlike that making up the K-feldspar-rich layer-parallel leucosomes described 
58 
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previously. The grain-size is fine; 0.5-1.0mm. Again K-feldspar is generally dominant 
and commonly perthitic, suhhedral to euhedral in habit, occasionally with albite rims 
present. Quartz is present as an interstitial phase. Zone 0 of Pattison (table 3.1) falls 
within this group. 
The amount of quartz present varies locally but it is not always easy to 
correlate this with the location as with the intermediate sample described earlier (ud 
shown in plate 3.5d). Generally speaking K-feldspar is concentrated where homfels 
fragments are more abundant (see colour plate 3.2b.This may be either due to original 
inhomogeneities in the matrix or due to some subsequent reaction of the matrix with 
the fragments themselves producing a K-feldspar-rich halo. K-feldspar-rich haloes are 
often associated with K-feldspar-absent selvages around the edges of the fragments. 
The boundary between the fragments and their surrounding matrix is sharp. 
Plagioclase-rich leucocratic matrix - in contrast to above this matrix type 
tends to be more homogenous. It is coarse-grained, about 1 7 3mm, and plagioclase is 
an important constituent. Plagioclase is predominantly in the form of large; up to 
3mm. long, subhedral to euhedral laths, generally randomly orientated. Additional 
mineral phases include K-feldspar, quartz and laths of biotite. 
The contact between the matrix and the fragments is generally sharp although 
in detail some of the larger crystals of the matrix appear to protrude slightly into the 
fragments. Often small, thin slithers of more fine-grained material are observed 
within the matrix. (see plate 3.6a). This material resembles homfels and would appear 
to represent homfelsic material which is in the process of being incorporated into the 
leucocratic matrix. The boundary between it and the matrix is often transitional, and 
thinner bits often show signs of mechanical disturbance at the edges (plate 3.6a). 
Ductile semi-pelitic matrix - this matrix type is commonly found associated 
with samples in which deviations from rectilinear fragment shapes are found. For 
instance, the crescent-shaped homfels fragments illustrated in colour plate 3.1b are 
associated with a matrix which consists of fine-grained, granuloblastic K-feldspar-
rich granofels. Biotite, cordierite and quartz are the other main phases present within 
the granofels. The semi-pelitic matrix is not quite homogenous,as illustrated in plate 
3.6b. Irregularly shaped, coarser-grained areas are found which Consist mainly of K-
feldspar with minor quartz. Euhedral K-feldspar faces projecting into interstitial 
quartz are a common occurrence in these areas. Another example of this matrix type 
is associated with the "folded" fragments illustrated in colour plate 3.2a. This time the 
matrix contains more quartz. The texture is similar to that described for the quartz-
rich semi-pelitic material found running parallel to the boudins; subhedral to rounded 
quartz crystals surrounded by a matrix of finer-grained feldspar and biotite. 
PLATE 3.6 
6a. Thin section of plagioclase-rich matrix consisting predominantly of 
large subhedral to euhedral plagioclase laths. Associated phases include K-
feldspar, quartz and biotite. Interspersed with the matrix fme-grained areas 
of homfels are visible which represent breccia fragments. Towards the top 
right of the view a slither of homfels is visible which displays some 
mechanical disturbance in the form of disruption of the orientation of 
biotite laths (arrow on figure). [ppl] Height of photograph = 5mm. Rock 
No. C56B. 
6b. Thin section of ductile semi-pelitic matrix material comprising mainly 
fine-grained, granuloblastic K-feldspar-rich hornfels. Notice the presence 
of occasional coarser-grained K-feldspar-rich aggregates (arrows), 
particularly the one at the bottom of the view, which exhibits euhedral K-
feldspar faces projecting into interstitial quartz (this is particularly clear in 
the view under crossed polars). Ippi and xplJ Width of photograph = 4irim. 
Rock No. C47. 
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Immediately adjacent to the boudin fragment the matrix changes character and 
consists of granuloblastic K-feldspar aggregates. 
3.2.2. DISCRETE LEUCOSOMES. 
Introduction. 
This group is broadly defined as those leucosomes of large enough scale so as 
to be easily discernible in the field, whilst remaining distinct from the surrounding 
matrix and not part of a larger boudinage, breccia or penetrative vein system. lliis 
group encompasses some leucosomes of quite varied characteristics. Some are quite 
tabular and vein-like, sometimes laterally Continuous over quite large distances, 
whereas others are more irregularly developed, discontinuous blebs or pods. Further 
subdivisions can be made according to detailed morphology and mineralogical 
composition: - 
I. Irregularly-shaped, discontinuous leucosomes. 
Thin, layer-parallel quartzofeldspathic/feldspathic veins. 
Coarse-grained quartz-muscovite leucosomes. 
Detailed petrographic description. 
1. Irregularly shaped, discontinuous leucosornes. 
These leucosome types are common from even quite low grade localities (just 
above the Mu-out isograd) and are increasingly abundant as the igneous contact is 
approached. Their overall distribution would appear to be random, not being 
restricted to any one particular rock type. 
These leucosomes are developed on a small scale, generally not exceeding a 
few centimetres in length. They are quartzofeldspathic in nature and their 
morphology, as the name suggests, is irregular and discontinuous (plate 3.7a). Often 
where elongate shapes are formed, they are elongate parallel to the metasedimentary 
layering. Frequently, as in plate 3.7a, there are numerous finger-like protrusions 
which extend out into the surrounding material. Often when more than one of these 
leucosomes are present they are distributed along a direction parallel to the 
metasedimentary layering, indicating a transition to more continuous vein structures. 
Strictly speaking there is a continuous gradation between this morphological group 
and the most irregular of the quartzofeldspathic veins (to be described in the next 
section). Connections or associations with the smaller scale network structures within 
hornfels layers will be investigated in the section devoted to the description of the 
networks. 
PLATE 3.7 
7a. An irregularly shaped, discontinuous leucosome exhibiting numerous 
finger-like protrusions extending into the adjacent homfels. Notice a 
general elongation parallel to the inetasedimentary layering. 
7b. Thin section view showing the crystal relationships within an  
irregularly shaped leucosoine. Numerous subhedral to euhedral K-feldspar 
crystals are wholly or partially enclosed by large optically continuous 
quartz crystals. Ippi and xplJ Width of the photograph = inun. Rock No. 
C40. 












The mineralogy of these leucosomes is dominated by K-feldspar and quartz. 
Often euhedral K-feldspar faces project into quite large optically continuous quartz 
crystals (see plate 3.7b). The quartz tends to occupy the centres of these structures, 
while K-feldspar is concentrated around the edges. 
These leucosomes are often associated with an adjacent selvage (an area of 
homfels which is different in nature to the surrounding material and which would 
appear to be related to the presence of the leucocratic material). These selvages 
sometimes consist of biotite concentrations, but more often consists of an area of 
hornfels differing slightly in mineralogy from the main body of honifels, generally 
containing less cordierite, and a higher proportion of K-feldspar, plagioclase and 
biotite laths. Also typical of hornfets adjacent to leucocratic patches is a very fine 
grain-size and well developed granuloblastic texture. 
2. Thin, layer-parallel quart zofeldspalhiclfeldspathic veins. 
Although 	niineralogically 	different, 	these 	Continuous 
quartzofeldspathic/feldspathic veins are often very morphologically similar to the 
quartz veins of regional metamorphic origin which are widespread throughout the Alit 
Guibhsachain area. Regional quartz veins are more abundant at the lower grade 
localities near the Mu-out isograd than close to the contact, and are common at low 
grade localities throughout the aureole. As the contact is approached the quartz veins 
become less abundant and quartzofeldspathic veins start to appear. 
The orientation of the quartz veins tends to be parallel or only slightly oblique 
to the metasedimentary layering. Concentrations of more than one vein are frequently 
observed and tend to be found in more laminated rock rather than in the thicker more 
homogeneous layers in which cordierite is well-developed. Veins tend to be thicker 
when situated within these concentrations. The quartzofeldspathic/feldspathic veins of 
the inner aureole are also thin, straight and continuous (see plate 3.8a). Like the quartz 
veins, they are orientated parallel or slightly oblique to the metasedimentary layering, 
range from about 05mm. to 4mm. in thickness and concentrations of more than 
one can be found. Again these concentrations are found in the more finely laminated 
areas in the metasediment. Frequently, however, these quartzofeldspathic veins are 
more irregularly developed. They are often sinuous and the thickness of a vein does 
not always remain constant (see plate 3.8b). 
The regional quartz veins are virtually monomineralic, consisting almost 
completely of quartz. The grain size is generally around 0.5mm. The veins are usually 
very thin (0.5mm.4mrn.), straight and continuous. Other minerals occasionally 
present include plagioclase, K-feldspar and rarely biotite and muscovite. Where these 
other minerals are present the grain size is finer. The quartzofeldspathic/feldspatliic 
veins contain a significant proportion of K-feldspar as well as quartz. Some veins 
03 
PLATE 3.8 
A series of thin, parallel orientated quarlzofcldspatliic/feldspathjc 
veins. It can be seen that on the left side of the picture the veins are more 
discontinuous and, in fact, comprise many discontinuous leucosomes 
distributed in a direction parallel to the metasedimentary layering. 
Cut surface of a hand specimen with a dominant feldspathic vein 
which is sinuous at the bottom of the picture, and thickens abruptly 
towards the top. This vein is seen also to connect with tiny veinlets in the 
surrounding honifels. Rock No. BHEAG. 
Thin section in which a monomineralic feldspathic vein runs vertically 
between homfels. The vein consists of an equigranular, granuloblastic 
aggregate of K-feldspar crystals. [pplJ Width of photograph = 1mm. Rock 
No. C17. 
Thin section of a quart zofeldspathic vein exhibiting euhedral K-
feldspar faces projecting into interstitial quartz. Ipplj Width of photograph 
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consist wholly of K-feldspar. Monomineralic K-feldspar veins tend to be thin, less 
than 1mm. Where thicker inonornirierahic veins are found they consist of K-feldspar 
crystals which have annealed into an equigranular, granuloblastic aggregate (see plate 
3.8c). More irregularly developed mononiineralic veins exhibit the same texture. 
Where quartz is present it takes the fonn of large interstitial crystals into which 
euhedral K-feldspar crystals project (see plate 3.8d). These quartz crystals tend to 
occupy the central parts of the veins. In thicker parts of a vein a single quartz crystal 
may be optically continuous over a very large area (millimetres) and completely 
enclose many euhedral K-feldspar crystals. Additional mineral phases often observed 
include biotite and tourmaline. 
These quart zo fel dspathic veins do not appear to be associated with the 
development of selvages. Occasionally an irregular mass of amorphous opaque 
material (magnetite/ilmenite intergrowths) is concentrated in the centres of the veins. 
This, however, is uncommon. Sometimes a layer of fine-grained granuloblastic 
homfels is associated with the margins of the veins, but again this is not common. 
3. Coarse-gra med quartz-muscovite leucosomes. 
These leucosoines are irregularly orientated with respect to the 
metasedimentary layering and, although some parallel-sided and planar leucosomes 
are observed, usually there is considerable variability in thickness (from 1.0cm. to as 
much as 0.5m) and orientation. Often thinner leucosomes appear to feed into larger 
"pools" or blebs of material (see plate 3.9a). Single leucosomes can be very laterally 
continuous i.e. metres, in some instances. These leucosomes are also observed to 
cross-cut high grade partial melt structures such as boudinage and breccia, suggesting 
that they are a post-melting phenomena. 
These leucosomes are very coarse-grained, with grain-sizes up to 3.01m. 
Minerals are therefore easily identifiable in the field. Quartz is the dominant phase 
along with muscovite, K-feldspar, and plagioclase. In detail, the mineralogy of these 
leucosomes is extremely variable laterally. For instance, muscovite is not distributed 
unifonniy throughout the leucosomes but tends to be found in clusters and 
concentrations, often where a leucosome is thicker. Minor additional phases include 
biotite and tourmaline. Euhedral faces of one phase projecting into another phase are 
again observed, but infrequently; quartz is again the interstitial phase with K-feldspar 




9a. Coarse-grained quartz-muscovite leucosome appearing to be fed by 
thinner leucosomes of the same material. 
9b. Typical high-grade spotted hornfelses showing the variable scale of 
development of the network structure. 
9c. Line drawing which shows rapid fluctuation in the thickness of a 
hornfels layer exhibiting network texture. In the thinner part of the layer 
the network has become noticeably elongate. 
9d. Weathered surface of a hand specimen network with the development 
of tiny veinlets. These veinlets are randomly orientated and have a Sinuous 
morphology. A thin feldspathic vein (arrow) also cross-cuts this specimen 
and in may places is seen to connect with the veinlets. Rock No. BIIEAG. 
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3.2.3. SMALL-SCALE NETWORK FEATURES. 
Introduction. 
Intrinsic in the fabric of some of the metasedimentary layers is a honeycomb 
or network texture. This consists of a paler coloured matrix or network around darker 
coloured "pits" (see plate 3.9a). In the lower grade aureole zones [II and IV (Pauison, 
1985) this texture is principally due to the introduction of abundant cordierite 
porphyroblasts and the formation of "spotted" hornielses. In the Leven Schist and 
Appin Phyllite lithologies the cordierite-producing reaction in zone IV is associated 
with the production of stoichiometrically large quantities of K-feldspar. This K-
feldspar is concentrated in the matrix around the cordierite porphyroblasts,resulting in 
a pale pinkish coloured network structure with the porphyroblasts in the centre being 
a duller grey. This texture is accentuated by the fact that cordierite weathers out 
easily, resulting in a pitted appearance. This texture is also described by Pattison 
(1985) In the Ballachulish Slate lithologies it is not until zone V that K-feldspar 
becomes abundant in the matrix around the cordierite porphyroblasts ) and a pink 
network is produced. 
The scale of development of these network structures varies considerably and 
would appear to be related to the original composition of the rock. Quartz-rich rocks 
tend to develop large cordierite porphyroblasts and hence large open networks, with 
pits up to 1.0cm. in width. in contrast, quartz-poor, Al-silicate-rich rocks are 
associated with many small cordierite porphyrohiasts and networks with a smaller 
mesh size. 
The network textures described above are attributable to sub-solidus 
phenomena (Pattison, 1985), but in some of the high grade rocks it can be seen that 
this network structure is modified in melting processes. 
Field description. 
Generally in the field, below the melting zones, the network shows only slight 
indications of a preferred orientation. Cordiente porphyroblasts tend to have ovoid 
shapes which are orientated parallel to the direction of the compositional layering. 
Networks therefore tend to be slightly elongate in the same direction. Occasionally in 
the higher grade zones this preferred orientation appears to be more pronounced with 
the longer sections of this elongate network becoming noticeably thicker and even 
more elongate. 
A phenomenon observed in the field is the occurrence of rapid fluctuations in 
the thickness of certain homfels layers exhibiting a network texture. In these 
situations the thicker part of the layer consists of normal network with only slight 
indications of a preferred orientation. In the thinner parts of the layer however, the 
pits are severely stretched (see plate 3.9c1 The resultant overall texture is indicative of 
flowage; loss of coherence and ductile movement. This situation implies a local loss 
of competence in the homfels layer leading to the ductile deformation. Such a loss of 
competence could be due to the presence of melt. 
Often sections of the network gain prominence and start to merge together 
forming smaller veinlets (plate 3.9d). These veinlets are seen to both link with and 
transect the network. This implies movement over small distances of the material 
making up the veinlets. It is observed at some localities that discontinuous 
quartzofeldspathic leucosomes and thin quaitzofeldspatliic veins appear to connect 
with these tiny veinlets. Such a phenomenon is illustrated in plate 3.9d. The 
leucosomes and veins often become thicker when passing through the network. Often 
there is no visible compositional distinction between the vein and the network which 
it both traverses and interlinks with. 
Detailed petrographic description. 
It is necessary to look more closely at the different network types occurring in 
these rocks so that the details of how they can be involved in melting reactions can be 
investigated. 
The networks can be divided into two types; those occurring in rocks which 
are quartz-absent or quartz-poor and those occurring in quartz-rich rocks. Networks 
occurring in quartz-poor rocks tend to contain a high proportion of Al-rich minerals. 
Al-rich networks. 
These networks typically surround large rounded cordierite porphyroblasts, 
often full of minute inclusions of quartz, feldspar and biotite. The network consists 
largely of Al-rich-minerals and K-feldspar (plate 3.I0a). The most common Al-rich 
mineral is andalusite, but sillimanite and corundum are not uncommon. 11e 
andalusite very often shows an unusual skeletal habit which will be described in 
chapter 5. Corundum also exhibits this unusual habit. Sillimarnie occurs as bundles of 
radiating fibres. K-feldspar haloes usually completely surround the Al-rich minerals 
(plate 3.10a). The remainder of the network consists of fine-grained intergrown K-
feldspar, plagioclase and occasionally biotite laths. Biotite is often completely absent 
in these rocks. 
Quartz-bearing networks. 
Again the networks surround large rounded cordierite porphyroblasts which 
are full of inclusions of quartz, feldspar and biotite. The matrix or network in these 
rocks is rich in K-feldspar accompanied by quartz and plagioclase, and is also 
commonly rich in biotite. It typically consists of fine-grained material with 
PLATE 3. 10 
Wa. Thin section of typical Al-rich network comprising altered cordierite 
porphyroblasts (dark coloured areas) surrounded by a matrix of K-feldspar 
and andalusite mainly. The very high relief mineral is corundum, and is 
surrounded by aaobvious K-feldspar-rich halo. [ppl] Width of photograph 
= 3.6mm. Rock No. C49. 
lOb. Thin section of typical quartz-rich network; the lighter areas are th e 
cordierite-rich "holes", and the darker areas comprise granuloblastic 
homfels consisting of quartz, feldspar and biotite. [ppl] Width of 
photograph = 31ym. Rock No. C61. 
lOc. Thin section showing a coarse-grained aggregate found within the 
matrix component of the network structure. It consists mainly of 
granuloblastic K-feldspar concentrations, but larger interstitial quartz is 
visible. [pplj Width of photograph = 4mm. Rock No. C34. 
lOd. Thin section showing numerous coarse-grained aggregates elongate 
parallel to the metasedimentary layering. Ippi] Width of photograph = 
11.5mm. Rock No. C53. 









4 -4 •.. 	. 	 t 
•r • 	. 	'r 	'.,t •" 
• • c • ' 	.1. • .J''b ; • :•;. " . 
• 	 p 	- O 	..• 
•• 	. 	— 	SI 
- •.l 
r• 1.Llr• .',' 	 ' . 	
•. 












• 4'a1•• 	t.Y 
.•i 	 I• 
1Z • 
i•_. % •I• '•'° 
, 	• .0 ,• 	. b 
• 	 . 	• 
:.. 	 $ 
c 
.. . 	. 	 •• •'*'• * .4 • 	 'VIb,I 	•'-'v }? 	' 
•,• - •' -.• 
S; 	 F  
1 
'it'. 	•' 	i;r'W.• 
MP 
-. 
i 	 ,• 
• t %•::- Y$ 	. . 
• 40_t'., 
! 	* -. 	•' 	• 	• 
•; 	 b. Ip.1i4( 
• 	•: 	
• 	










• 	 •- 	pJ. 
S 	•• 	 a. 
i"1 	
. •.. p•• 	••• 	
• it 
': 	
•.. 	• 	••l . 	- 	• 
: 	• •-,1'j•.-., *•*4 








• 	'•fr , 	- , 	i. 	- 
• 	 '• .. - 	•. - 	' 
i'i• 
granulohlastic and decussate textures. Tourmaline is also an important additional 
phase. Plate 3. lOb shows a typical example of this type of network. 
Only the quartz-bearing networks show obvious microscopic evidence of melt 
textures. As noted previously the network is dominated by fine-grained, 
granuloblastic K-feldspar. Occasionally more coarse-grained aggregates are observed 
within this granuloblastic material (plate 3.10c). These often consist of K-feldpsar-
rich material, often in the form of irregularly-shaped, polygonal masses. These masses 
are generally less than 1.0mm. wide, and perhaps 2-3num long. Sometimes quartz is 
present and exhibits an interstitial habit typical of the discrete leucosomes described 
already. However, often quartz is rare or absent. A less common mineralogy shown 
by these coarser-grained aggregates is biotite with secondary muscovite. Associated 
with these biotite-rich aggregates are different examples of melt textures. This time 
the phases involved are quartz and cordierite; euhedral cordierite faces project into 
and are completely surrounded by a single large interstitial quartz crystal. 
The coarse-grained aggregates are often elongate parallel to the 
metasedirnentary layering. They are particularly abundant in those networks which 
exhibit a pronounced preferred orientation (plate 3. lOd). Frequently they are observed 
to connect, forming long, sinuous veinlets similar to the type shown in plate 3.9d. 
Further evidence of melt in the networks is found in the occasional presence, 
within network of normal grain-size, of euhed.ral K-feldspar faces projecting into 
interstitial quartz (plate 3.11 a). Furthermore, in the cordiente-rich "pits" associated 
with the quartz-bearing network occasional instances of euhedral cordierite faces 
projecting into interstitial quartz are found (plate 3.11 b). 
3.2.4. SUMMARY. 
A large number of different features thought to be melt-related have been 
described in the previous section. These are summarised in table 3.2. 
It is difficult to specifically map in zones representing the first appearance of 
each different feature as the distribution as a whole is complicated by the large 
compositional variation shown by the metasedimentary layers. This variation seems 
to cause the development of the different features at different rates and hence much 
overlapping of the features is seen over the exposures. 
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PLATE 3.11 
I Ia. Thin section of an example from the network matrix of an 
occasionally observed instance of euhedral K-feldspar faces projecting 
into interstitial quartz. Ixpli Height of photograph = 0.45mm. Rock No. 
D667. 
1 lb. Thin section showing an example from a cordierite-rich "pit" in the 
network where an euhedral edge of cordierite can be seen project inginto a 
quartz crystal. [xpl] Height of photograph = 1mm. Rock No. 1)667. 
1 Ic. Thin section view showing K-feldspar crystals projecting into an 
interstitial quartz crystal. It can be seen that K-feldspar crystals in contact 
have a distinctly rounded outline, whereas the crystals projecting into the 
quartz, or indeed wholly enclosed by the quartz retain a more angular 
shape. This provides evidence of Ostwald ripening at K-feldspar\K-
feldspar contacts. [xpi] Height of photograph = O.Snu'n. Rock No. C21. 
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Usually perpendicular to lengths 
of fragments 
Main minerals, quartz and 
K-feldspar, euhedral projections 
of K-feldspar within quartz 
common 
Usually rectilinear 
High Al-rich mineral content 
K-feldspar-absent selvages common 
TABLE 3.2. SUMMARY OF THE MELT-RELATED FEATURES OBSERVED IN THE ROCKS OF ALLT GtJIBHSACHAIN. 




NOTABLE MORPHOLOGICAL OR 
TEXTURAL FEATURES 
Material adjacent 









Main minerals, quartz and 
K-feldspar. K-feldspar erratically 
distributed laterally - euhedral 
projections of K-feldspar within 
quartz common 
Well developed granuloblastic 
texture 











Large subhedral to rounded quartz 
crystals in a fine-grained matrix 
Euhedral projections of K-feldspar 
within quartz 
Coarse-grained, homogenous 
Associated with non-rectilinear 
fragments 
EITHER granuloblastic homfels 
containing coarse-grained areas 
with euhedral projections of K-
feldspar within quartz 
OR same as quartz-rich semi-pelitic 
material above 
Main minerals. K-feldspar and 
quartz, euhedrals projections of 



























Occasional euhedral projections 
of cordierite within quartz 
Granuloblastic texture mainly 
Coarse-grained aggregates with 
euhedral projections of K-feldspar 
and/or cordierite within quartz 
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3.3. INTERPRETATIONS. 
This section will first deal with the interpretation of the crystal textures 
observed in these rocks. It will then discuss the processes thought to be active during 
accumulation of the melt phase, and its subsequent crystallisation, and finally, will 
consider the structural behaviour of the rocks as a result of the melting activity. 
3.3.1. INTERPRETATION OF CRYSTAL TEXTURES. 
A number of distinct crystal textures were identified in the preceding 
descriptions: - 
Euhedral faces of one phase projecting into another. 
Granuloblastic texture. 
Rounded quartz texture 
I. Euhedral faces of one phase projecting into another. 
This crystal texture is particularly associated with igneous rocks and the 
crystallisation of silicate phases from a melt. As described in chapter 2, euhedral 
crystal faces imply growth unimpeded in a fluid medium (i.e the silicate melt). 
Associated anhedral phases represent phases crystallising late in the crystallisation 
sequence, and thus interstitial to the already formed crystals. These types of crystal 
relationships are found in many of the leucosome types described in the previous 
sections, see table 3.2. 
These textures would be Consistent with the interpretation that these 
leucosome-types represent material which was at one time largely melt. If the melt 
was locally derived then it might be expected that there be identifiable restitic 
material situated nearby (Mehnert, 1968). This material would represent the residual 
unmelted phases remaining after the implied segregation of the melt phase. Such 
material is perhaps found in the form of the biotite-rich selvages, which are an 
important structural component of the material running parallel to the lengths of 
boudins, and are occasionally found adjacent to discrete leucosome types. Melt 
accumulation, and subsequent separation from the associated residual phases, is, in 
fact, more complex than this as will be seen in the following section, 3.3.2. 
2. Granuloblastic texture. 
This texture represents a well equilibrated one, in which the angular 
relationships are well adjusted for the solid phases present. Monomineralic feldspathic 
areas within leucosomes exhibit this texture. The fine-grained homfels occasionally 
75 
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found adjacent to discrete leucosomes, and the granofels found as a structural part of 
the material adjacent to boudins (see table 3.2.), also exhibit this texture. 
It is thought that the fine-grained homfels and the granofels represent restitic 
material after a melt phase has been extracted. Such an origin was suggested by 
Pattison (1985) for his comparable homfels layer A. This layer was interpreted as K-
feldspar/biotite-rich residue left after a K-feldspar/quartz-rich melt was removed. 
Melt will continue to accumulate in a rock until one of the reactants is consumed. The 
homfels residue remaining after melt extraction should therefore lack at least one of 
the minerals involved in the melting reactions. This would appear to hold true in the 
specimens studied, although quartz was not the only absent phase, as in the Pattison 
example. Where quartz was present, K-feldspar appears to be poor or absent. 
3. Rounded quartz texture. 
Textures related to the melting process itself must also be considered. For 
instance melt will initially accumulate at polymineralic triple and quadruple junctions 
(see chapter 2), and this will lead to a general rounding off of irregular edges and 
corners on grains. Such a process might lead to the presence of residual crystals with 
a very rounded outline, surrounded by a melt phase. This melt phase subsequently 
crystallises to form the fine-grained matrix around the residual grains. 
The present rounded habit shown by the quartz in the quartz-rich semi-pelitic 
material parallel to boudin fragments, and the uniform breccia matrix type (c), see 
table 3.2, could be a function of the melting process. The rounded quartz thus 
represents residual unmelted quartz, and the surrounding fine-grained material 
represents crystallised melt. This crystal texture is further described in the next 
chapter as rounded quartz, mosaic texture (section 4.3.2). 
3.3.2. ACCUMULATION AND SUBSEQUENT BEHAVIOUR OF THE 
MELT PHASE. 
Melt nucleation. 
Melt tends to preferentially nucleate in grain boundary regions (McLean, 
1957). Initial melt nucleation will occur at potymineralic junctions, involving 
combinations of phases whose eutectic melting temperature has been exceeded. 
Polymineralic junctions involving quartz and feldspar will be important starting 
points for melting reactions (Mehnert et al , 1973). The points of nucleation of melt 
will thus be controlled to a large extent by the distribution of the mineral phases prior 
to the time when temperatures are high enough to initiate melting. Where appropriate 
mineral contacts are found melting reactions will occur. Pre-contact metamorphic 
features, and subsolidus reactions occurring during the contact metamorphic event 
itself,w ill influence the pre-melt mineral distribution. 
a). Pre-contact metamorphic Features. 
Regional metamorphism of the Ballachulish area prior to the igneous activity 
introduced a strong cleavage to the rocks, generally enhancing the prünary layering. 
This regional foliation will exert a laminar control on the availability of the 
appropriate mineral contacts. Nucleation points of melt will therefore be distributed 
parallel to metasedimentary layers. 
Quartz veins are also thought to be related to regional metamorphic activity, 
as their distribution would appear to be largely unrelated to the intrusive complex, 
being abundant at low grade as well as high grade localities throughout the aureole. 
These quartz veins also tend to follow the bedding and cleavage structures. 
Furthermore, NE-SW trending folds are associated with the regional structural and 
metamorphic history of the area. Where small-scale folding is present in the primary 
compositional layering, quartz veins are also affected. 
At high grades the presence of quartz veins could also exert an important 
control on the nucleation of melt. Most of the high grade rocks are rich in K-feldspar 
with varying amounts of quartz. The presence of excess quartz in the form of quartz 
veins must provide an opportunity for the initiation of melt reactions which may be 
hampered in the rest of the rock by lack of quartz. Continued melting will gradually 
consume the quartz veins, replacing them with the product of the melting reactions. 
This will lead to the possible formation of Continuous quartzofeldspathic veins, 
explaining the observed similarities in gross morphology between these and the quartz 
veins. This process will very probably not develop uniformly, being dependent on the 
distribution of K-feldspar in the adjacent homfels. This might explain the frequent 
irregularities in thickness and orientation in some of these veins. 
K Subsohidus contact metamorphic reactions. 
As mentioned in the introduction to section 3.2.3, the sloichiometry of 
subsolidus reactions can play an important role in dictating the distribution of the 
constituent mineral phases. For example, the zone IV cordiente-producing reaction 
produces stoichiometrically large quantities of K-feldspar, which is concentrated in 
the matrix around cordiente porphyroblasts (Pattison, 1985). Network structures are 
thus produced as a function of subsolidus reactions. 
It follows that in hornfelses exhibiting network textures, particularly quartz-





Initially the melt will accumulate at the polymineralic junctions at which 
melting has nucleated. However, as the volume of melt increases its distribution will 
be controlled by its angular relationships with the bounding crystal phases (see 
chapter 2). In order for the melt crystallisation textures like those described in the 
previous section to be produced, quantities of melt must have accumulated in 
recognisable pools or vein-like structures. This melt then crystallised to fonn the 
observed crystal textures. 
Experimental work by Jurewicz and Watson (1985) showed that 
quartzofeldspathic-type melts will tend to have wetting angles with solid quartz and 
feldspar crystals of 590  and 440 respectively. Both these wetting angles are less than 
600, although the quartz/quartz wetting angle is very close. Below the equilibrium 
melt fraction, such melts, at textural equilibrium, should form an interconnected phase 
distributed along grain boundaries, rather than isolated pools, although in a 
particularly quartz-rich rock the behaviour of the melt might be more ambiguous 
(Jurewicz and Watson, 1984). If only small amounts of melt were present, and formed 
an interconnected phase, it might be difficult to detect evidence in the crystal textures 
of the one-time presence of such a melt. However, if the equilibrium melt fraction 
was exceeded, excess melt (if not allowed to escape from the system) will collect in 
pools surrounded by many grains (Jurewicz and Watson, 1985). The equilibrium 
fraction for granitic liquids is 04% (Wickham, 1987). 
The presence of irregularly shaped leucosomes having melt crystallisation 
textures (within the quartz-bearing networks, and discontinuous leucosomes 
distributed along the layering) suggests that melt pools of the type described above 
did accumulate. Continued melting might lead to individual pools getting larger and 
eventually coalescing, forming veinlets, or even veins. The morphology of these 
veinlets will be a function of where the original melt pools happened to be situated, 
and thus might well be quite tortuous. This is indeed the case in the quartz-rich 
networks, where the coarse-grained aggregates often appear to join to form long 
meandering veinlets through the rock. Ultimately, smaller veinlets and veins might 
coalesce to form interconnected veinlet systems of the type observed in plate 3.9d. 
The formation of planar vein structures may be a function of the fact that, in 
many cases, melt is nucleating and accumulating in pools distributed along a direction 
parallel to the layering, and a natural consequence of continued melting is the 
formation of a vein-like structure. Such an origin, via the gradual accumulation of 
melt, rather than injection along the layering, can explain the frequently observed 
irregularities in thickness, and the lateral variations in composition of these veins. 
Incomplete development of this process might produce many discontinuous 
leucosomes arranged parallel to the layering, another commonly observed 
phenomenon. 
Melt crystallisation. 
To look at the leucosomes exhibiting melt crystallisation textures more 
closely. In most examples the mineral phases involved are K-feldspar and quartz; 
euhedral K-feldspar faces projecting into interstitial quartz are common. This implies 
that the melt had a quartzofeldspathic composition and K-feldspar is crystallising 
initially thus forming euhedral crystals, whereas quartz crystallises late and therefore 
pseudomorphs the shape of the interstitial melt at that time. 
In many leucosomes many small, euhedral/subhedral K-feldspar crystals are 
observed. It appears these first crystals were suspended freely within the melt phase. 
Quartz in these situations often fonnsavery large optically continuous crystal 
completely surrounding the smaller K-feldspar crystals. The small size and large 
number of K-feldspar crystals implies that K-feldspar nucleated relatively quickly and 
easily. This indirectly implies the melt in these instances was supersaturated in K-
feldspar components. The concentration of quartz towards the centre of many 
leucocratic structures is probably due to the preferred nucleation of the first phase. K-
feldspar, on the walls of the melt body, leaving the late crystallising quartz to occupy 
the centre. 
When crystals start to touch and form a solid/solid framework during 
crystallisation from a melt, crystal sintering processes become active (see chapter 2). 
It might be expectedwhere K-feldspar crystals are in contact, evidence of grain 
coalescence should be observed. For instance, in plate 3.l lc, taken from an example 
of K-feldspar-rich breccia matrix, it can be seen that the K-feldspar crystals in contact 
have assumed a markedly curved outline in comparison with single crystals which 
preserve euhedrai corners. This provides evidence of Ostwald ripening at feldspar-
feldspar contacts. 
Quartz often exhibits angular relationships with K-feldspar which resemble 
angular relationships melt might assume with the surrounding solid phases. For 
instance very low dihedral angles are observed at the junctions between two K-
feldspar crystals and quartz, for example see plate 3.7b. It should be borne in mind 
that preservation of such textures implies a lack of textural equilibrium between the 
quartz and the K-feldspar. This is not always the case. Some leucosomes are 
monornineralic and exhibit a completely equigranular, granuloblastic texture. This 
could be due to post-melt subsolidus angular adjustments leading to an originally K-
feldspar-rich area showing extensive Ostwald ripening ("annealing") and resulting in 
an equigranular aggregate with numerous 120 0 triple points. 
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The ratio of K-feldspar to quartz is extremely variable within and between 
leucosomes and this might be taken to imply that the composition of the melt was not 
constant. Leucosonies with extreme compositions also exist, like those of 
monomineralic K-feldspar. This K-feldspar enrichment could be due to the fact that 
as crystallisation proceeded in these areas K-feldspar growth advanced to such an 
extent that the interstitial melt phase was expelled to another location, perhaps 
laterally along the vein structure in the case of quartzofeldspathic veins. This could 
explain the observed uneven lateral concentrations of K-feldspar in many of these 
veins. Overall, even given the observed lateral variation, it is noted that the 
mineralogical composition of these veins is not that expected for a minimum melt 
from these homfelses. 
It should be borne in mind that the rock volume throughout which melting 
processes are active is larger than that area now represented by the leucosome. 11e 
leucosomes simply represent concentrations of excess melt over and above that which 
is distributed along grain boundaries and at grain corners throughout the remainder of 
the rock volume. At peak melting, melt forming the pools will be continuous with this 
intergranular melt. It is conceivable, therefore, that diffusion of components between 
the melt pool and the remainder of the melt volume is possible. 
Phases crystallising from a melt will preferentially nucleate where pre-existing 
crystals of that phase are situated. Much of the initial crystallisation might therefore 
occur within the region occupied by the intergranular melt rather than the main melt 
pool. There will therefore be diffusion of the necessary components from the melt 
pool into the intergranular melt as a result of compositional gradients around growing 
crystals faces (Taft and Kerr, 1986). As a result of this diffusion the melt remaining in 
the melt pool may become supersaturated with respect to components not necessary 
for growth of this phase. This initial crystallisation may be accompanied by the 
formation of sparse nuclei within the melt pool itself. Fig. 3.2 diagrammatically 
illustrates the consequences of diffusive processes as crystallisation proceeds in a 
situation such as that just described. 
As crystallisation progresses, the available intergranular volume may become 
fully occupied by the newly grown phases. Diffusive processes are now thus restricted 
to the melt pool. The overall consequence of this initial crystallisation is that the bulk 
composition of the melt pool itself varies as a function of the amount of crystal-lisation 
within the intergranular region. The amount of crystallisation within the intergranular 
region is in turn a function of the volume occupied by intergranular melt at peak 
melting. 
This rock adjacent to the melt pools is now represented in many instances by 
well equilibrated, fine-grained granuloblastic homfels. The very good approach to 
textural equilibrium in these hornfels might have been enhanced by the one time 
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Fig. 3.2. A schematic illustration of the consequences of diffusive 
processes as crystallisation proceeds. 
a). Early in the crystallisation process - initial nucleation occurs 
preferentially on the surfaces of pre-existing crystals, thus a coating of 
newly crystallised cordierite forms on already existing cordierite within 
the cordierite-rich area of the network. This results in compositional 
gradients around these growing crystals which leads to the diffusion of 
cordierite components from the main melt pool into the iniergranular melt. 
Not all of the matrix component of die network melts, therefore certain 
parts of the intergranular area wil Consist of feldspar rich material; some 
K-feldspar will preferentially nucleate in these areas. fliere is the 
formation of sparse K-feldspar nuclei within the main nick pool which 
becomes progressively more saturated in K-feldspar cosmipoiments as the 
diffusion proceeds. 
b). The end result - the presence of intergranular melt promotes time 
formation of well developed granulohlastic homfels by enliancisig 
diffusion in these areas. Where smaller melt pools were situated occasional 
euhedrai cordierite and K-feldspar faces are seen projecting into quartz. 
The main melt pool forms a coarse-grained aggregate rich in K-feldspar. 
Quartz as the last phase to crystallise has simply occupied the spaces 
which represent the position of the late stage melt. 
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presence of melt along grain boundaries. The initial presence of intergranular melt 
will enhance diffusive processes. This fine-grained homfels is thus not strictly 
speaking "restite' in the accepted meaning of the word. It does to a large extent 
comprise residual phases. However, the outer edges of many of the constituent phases 
may represent material having crystallised from the melt. 
Notice, in the above scenario, that the shape of the melt volume at peak 
melting is dictated by its textural relationships with the rest of the rock and the 
fraction melt contained within the rock. The size and shape of the melt pools, and the 
relative volumes of the pools and the intergranular melt volume are functions thus of 
the degree of melting and the identities of the surrounding solid phases. The final 
composition of the leucosome (crystallised melt pool) is a function of diffusive 
processes during solidification, and will, in detail, be related to both the initial 
composition of the melt and the amount of crystallisation occurring within the 
intergranular region. These diffusive processes along with compositions of melts and 
the degree of melting are further discussed in chapter 7. 
Small-scale melt movement. 
Increases in volume due to the presence of partial melt may lead to local 
pressure gradients. Once melting is far enough advanced, such pressure gradients 
might cause some melt movement on a small scale, particularly as interconnected 
veinlet systems may already be present to facilitate such movement. Such small-scale 
movements of the melt phase might enhance the possibility of smaller melt bodies 
becoming interconnected. It is often observed that larger leucosome types are 
connected and continuous with each other, for instance discontinuous leucosoines 
coalescing to form continuous veins. It might also explain the occasional occurrence 
of small-scale veinlets which both link and transect with the network structures (plate 
3.9d). 
It may be that not only continued melt accumulation leads to the coalescence 
of different melt structures, but also small-scale melt movements. In layers in which 
the degree of melting is very high, the associated increase in volume may have more 
significant consequences e.g. hydraulic fracturing, discussed below. 
3.3.3. HYDRAULIC FRACI'URING. 
Pattison (1985) postulated that the major cause of boudinage in these rocks 
was the formation of partial melt producing a competency contrast between melt-
filled and melt-absent layers. This competency contrast leads to fracturing of the more 
brittle layers and migration of melt into areas of lower pressure i.e. into the resultant 
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fractures. The cause of fracturing he attributed to ductile movements of melt-filled 
semi-pelitic layers leading to changes in lateral thickness and hence stress, resulting 
in the fracture of the adjacent brittle layers. Although this may be a contributing 
factor, many examples looked at in the present study showed no sign of such changes 
in lateral thickness and yet still exhibited similar boudinage textures. Another possible 
mechanism which might be responsible for brittle failure is hydraulic fracturing. 
The stresses on an arbitrary plane are expressed in terms of a normal 
component, aN,  and a shear component, T. If pore fluid is present it exerts an 
additional stress component acting parallel to and opposing the normal stress (Hubert 
and Rubey, 1959). The effective normal stress, s, acting on that plane is thus defined 
as:- 
(N = CFN - p where p = pore fluid pressure 
The components of shear stress are unchanged by pore fluid pressure. 
Reducing the effective normal stress is therefore coupled with a reduction in the 
magnitude difference between stresses normal and parallel to the layers, which will 
cause brittle failure. Thus increasing fluid pressure will promote fracturing. 
Partial melting is accompanied by a volume increase. Fluid pressures will 
occur in situations where the volume of melt in a rock is increasing and not permitted 
to escape. The formation of melt by whatever mechanism will thus lead to a build up 
of pore pressure thus reducing the effective stress. In situations where the pore fluid 
pressure exceeds the acting normal stress (confining pressure) hydraulic fracturing 
will occur. 
The form and orientation of structures formed by hydraulic fracturing are 
dependent on the stress regime active at the time of fracturing. The relation of 
hydraulic fractures with the existing structural framework was investigated by Nicolas 
and Jackson (1982) and is shown in fig. 3.3. In the simplest case this stress will take 
the form of an irrotational stress acting perpendicular to the more brittle layer. This 
will result in a perpendicular fracture in the adjacent layer, given that the fluid 
pressure is about equal to the solid pressure. This type of fracturing is indeed the most 
common observed, rectilinear fragments being the most frequently observed. Locally 
fluid pressure will vary according to how much melting has occurred and thus 
deviations from the above situation might be expected. This provides an explanation 
for the sometimes oblique orientations of cross-cutting leucosomes occasionally 
observed. Such orientations may indicate areas of lesser melting and hence the degree 
by which the confining pressure is exceeded being less. 
The fracturing is thus controlled by local internal partial melting processes 
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be important in detennining how much fluid pressure is required to reduce the 
effective stress sufficiently. This is additionally supported by the observation that 
adjacent layers often appear to develop independently of one another. The positions 
of fractures in one layer bear no relation to fractures in an adjacent layer, and the 
spacing between fractures would appear to be related to the thickness of the layers 
(the boudins are always elongate) rather than some external influence. 
Once hydraulic fracturing occurs, the melt will then flow into the resultant 
fractures. There is abundant petrographical evidence of such movement by the melt as 
described in the previous sections i.e. apparent mechanical disturbance of biotile 
concentrations in the adjacent horniels when located close to the fractures, the 
obvious compositional and textural relationship between the parallel and cross-cutting 
leucosomes. This loss of melt into these fractures will lead to changes in volume 
locally in the melt producing layers. This may trigger the ductile movements of 
appropriate layers and/or the movement of the fragments relative to each other. This 
is in contrast to invoking such movements as being the cause of the fracturing as 
previously put forward by Pattison (1985). 
Other lines of evidence supporting this overall interpretation is the observation 
that melt processes are most obviously active in the material running parallel and 
adjacent to the boudins. For example selvages and restitic material are largely 
restricted to the parallel layers rather than the associated cross-cutting structure 
implying that the melt occupying the cross-cutting structure did not develop in situ 
but originates instead in the adjacent layer. 
In the rare instances where the cross-cutting leucosome is associated with a 
selvage (see plate 3.3c) the morphology of the leucosome is often not simple, straight 
veins being replaced by quite complex morphologies. It is possible that the more rigid 
layer itself contains small amounts of melt. In this case, not only will hydraulic 
fracturing be complicated, but this melt too will try and escape to the pressure minima 
represented by the fracture. Such phenomena might explain both the complex 
morphology shown by the cross-cutting leucosome, and the presence of a blot ite-rich 
selvage. 
The thicknesses of the associated beds will be variable. Where thinner 
refractory beds are involved with large amounts of melt-producing material it might 
be expected that more disruption will be a natural result and breccia-type structures 
develop. Breccia structures will also develop as a logical consequence of the 
advancement of the melting process. This is supported by the presence of 
"homogeneities in the matrix of structures intermediate between boudinage and 
breccias, and indeed breccias proper, which are identifiable as relicts of a previous 
boudinage structure. 
Some deviations from rectilinear fragment morphologies are described which 
are difficult to fit into the above scenario. These deviant fragments would appear only 
to be found in breccias associated with a ductile semi-pci itic matrix. This matrix type 
largely consists of hornfeisic material within which melt developed to allow flowage, 
but from which melt has not segregated to a large degree. As the fraction of melt 
increases the spacing between residual crystals widens. This reduces the fractional 
area of solid-solid contact and thus the strength of the rock (Spera, 1980). Ductile 
movements of this material would therefore be easily envisaged (see also Pattison, 
1985). This would appear to be the case for this particular matrix type. The melt 
remains to a large extent in situ distributed around the residual crystal phases or 
collected in small patches throughout the matrix (the irregularly-shaped coarse-
grained areas) and flow of the matrix as a whole (melt and residual material) occurs. 
Such matrix has a relatively high competence. 
The observed deviations from a rectilinear fragment morphology may be a 
consequence of smaller differences in competence between the melt-producing layers 
and the more brittle melt-poor or absent layers. in the examples exhibiting rectilinear 
morphologies the contrast in competence is always very large. However, a large range 
of situations presumably occur, and melt material may be particularly competent i.e. 
the ductile semi-pelitic matrix. In other instances the fragments themselves show 
evidence of being quite ductile (e.g. colour plate 3.2a). In these examples the smaller 
contrast in competence between the fragments and their surrounding material may be 
influencing the final nature of the structure. 
3.3.4. PLAGIOCLASE-RICH LEUCOCRATIC MATRIX. 
The restricted occurrence of plagioclase-rich matrix material to areas proximmial 
to the igneous contact, coupled with the fact that it is compositionally unusual, 
implies the possibility of interaction with igneous material. The quartz-diorite has a 
high plagioclase content. It may be that this matrix type is showing the results of 
higher external igneous input than in the K-feldspar-rich and ductile semni-pelitic 
matrix types where the melt is of internal origin. The implication is that some mixing 
with dioritic magma may have occurred as a result of magma from the igneous 
complex exploiting the fracturing, mixing with partial melt, and thus influencing the 
composition of the partial melt. 
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3.3.5. K-FELDPSAR-ABSEm' SELVAGES. 
Finally the presence of K-feldpsar-absent selvages around the edges of 
fragments must be mentioned. The uniform development of this selvage all around 
the fragment; along the length of the boudin or fragment and along the fractured edge, 
implies it developed after the fracturing rather than before. It is not therefore a 
phenomenon associated with the initiation of the melting reactions and subsequent 
fracturing. It is thought that the selvages are in fact related to diffusive processes 
active after the melt has formed. Melt may be present in small quantities even within 
the fragment itself (along grain boundaries and perhaps as very small melt pools) and 
interchange between it and matrix during crystallisation of the melt might be 
responsible for the formation of the selvages, via a similar process as thought to have 
been active in crystallising melt bodies, see section 3.3.2. 
3.3.6. SUMMARY. 
The original nature of the rock exerts a strong control on the subsequent 
development of the melt. A major factor is the original homogeneity of the rock 
undergoing melting. The rocks at Alit Guibhsachain are layered; very thinly 
laminated areas are common. Thicker layers tend to be more homogenous, cordierite-
rich hornfels, which commonly, as a result of subsolidus reactions exhibit a network 
structure. In these layers melt collects preferentially within the network part of the 
rock. in more laminated material melt collects along the more compositionally 
appropriate layers. As. well as collecting within layers, the boundaries between certain 
layers may be compositionally favourable sites for melt formation and collection. 
As melting advances more discrete melt bodies are formed; both 
discontinuous segregations and more Continuous vein structures. Continuous vein 
structures will develop more quickly and easily in the laminated areas. This is due to 
the already laminar arrangement of the minerals involved in the melting reactions and 
the exploitation of the regional quartz veins which are abundant in these situations. 
The build-up of melt therefore occurs at different rates and in different morphologies 
according to *the properties of the rock in which the melting has initiated. Continued 
melt accumulation and small-scale melt movement result in many of the different 
melt bodies joining together and coalescing. 
Boudinage occurs by hydraulic fracturing , because melt development both 
increases pore fluid pressure (effectively reducing rock strength) and local stress 
differences when large contrasts in degree of melting and competence are present in 
adjacent layers. Such a situation will often arise when melt-producing layers are 
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adjacent to the more rigid Al-rich layers. which are often melt-poor or 	It may 
even arise if the rapidly melting material is next to a cordierite-rich layer in which 
melt is developing more slowly. Melt development in the more homogenous network 
layers would appear to be less abundant and dispersed over a larger area. The 
commonly observed multi-component character of the melt-producing material 
running parallel to the boudins favours the supposition that it is very often thinly 
layered material in which this melt is developing faster and therefore which is most 
commonly involved in boudinage/breccia structures. 
Fracturing occurs and melt flows into the resultant fracture. This melt is 
derived from one or several of the melt-producing components of the thinly laminated 
material, see section 3.2.2. This movement will disturb the laminar character of this 
material. This is a commonly observed phenomenon. Mobilised melt-rich matrix 
material may also move as a whole into the fracture. Movement of melt-rich material 
as a whole is a phenomenon particularly common in the extensively melted rocks to 
be described in the next chapter. 
Breccias result via disruption of the rectilinear fragments relative to each 
other. This occurs if large amounts of melt-bearing material are involved relative to 
the brittle material, and also as a natural advancement of the boudinage process. Due 
to the differential degrees of melting in different layers, in certain instances one 
particular layer which has just boudinaged may be situated adjacent to a set of layers 
which are already brecciated. In this situation part of the "melt-producing 
components" of the layers adjacent to the boudins is, in fact, itself a breccia. This 
explains the occasionally observed cross-cutting relationships shown by some breccia 
patches. 
Close to the igneous contact, the above structures would appear to be affected 
by interaction with material derived from the igneous complex. 
The origin of the quartz-muscovite veins (discrete leucosomnes) would appear 
to be late stage. They are compositionally distinct from the other vein types, with 
higher quartz contents and abundant muscovite. They frequently show cross-cutting 
relationships with melt structures. It is possible they are the result of a late stage 
volatile-rich fluid phase originating from the post-melting granite intrusive episode 
(phase II). 
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3.4. THE SGORR DHEARG METASEDIMENTARY SCREEN. 
Introduction. 
The phase I quartz diorite contains numerous xenoliths, many of which are 
derived from the surrounding country rock. These xenoliths are at various stages of 
assimilation by the magma and an account by Weiss and Troll ( 1990 ) outlines their 
distribution. 
This particular location consists of a larger block of metasediment lying 
within the quartz-diorite, see fig. 3.1. Like Alit Guibhsachain, it involves Appin 
Phyllite lithologies. Most of the rocks within this block are brecciated to some degree 
and igneous involvement is often apparent, dioritic magma exploiting the brecciation 
in some areas. 
The petrography of different components of the boudinage and breccia 
structures of Sgorr Dhearg are very similar in most cases to Alit Guibhsachain. Some 
additional features are noted which are worthy of mention, and also the added 
complication of the often obvious involvement of magmatic material derived from the 
igneous complex must be considered. 
Field Description. 
The rocks at Sgorr Dhearg range from isolated, disorientated homfels 
fragments floating within quartz-diorite magma to rocks which contain a considerably 
higher proportion of fragments and can appear quite coherent. In the field 
observational distinctions can be made based on the proportion of the rock volume 
occupied by fragments, and the degree of disruption of the fragments. These two 
properties are coupled. The rocks fall into two broad groups:- 
Breccias, in which fragments have lost any consistent orientation and 
generally occupy less than 50% of the rock. 
Coherent, boudinage-type rocks, in which fragments have to a large degree 
retained their parallel orientation with respect to each other. Generally these more 
coherent rocks contain a high fraction of fragments i.e. more than 50%. 
There is a continuous transition between these two groups. 
The more coherent examples are often very similar in appearance to the 
boudinage structures described in section 3.2.2. However, the amount of fracturing 
tends to be much greater than at Ailt Guibhsachain, and greater numbers of adjacent 
layers are involved. The result of this is the common occurrence of rocks in the field 
which are intensely boudinaged (plate 3.12a). Areas showing this appearance can 
extend over metres. Often in these rocks there is little visible difference between 
leucocratic material cross-cutting the layers and running parallel to it. Cross-cutting 
leucosomes again do not tend to develop at the same lateral position in adjacent 
PLATE 3.12 
12a. Intensely boudinaged hornfels in which it can be seen that to a large 
extent the parallel orientations are preserved, but in certain parts, 
particularly at the bottom right hand side, there is a loss of coherence with 
fragments becoming more disorientated. In these less coherent areas the 
proportion of the rock occupied by fragments is slightly less than in the 
rest of the rock. 
12b. A coherent, boudinage-type rock in which the overall layering is quite 
sinuous. 
12c. Rock in which the fragments are slightly disorientated and the 
surrounding matrix is more homogenous. Fragments in this example 
occupy about 50% of the total rock volume. 
12d. Rock containing relatively few fragments which are completely 
disorientated with respect to each other. Fragments occupy about 20% of 
the total rock volume. 
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layers. Occasionally the overall layering of these boudiiage structures is quite sinuous 
(plate 3.1 2b). This pethaps indicates slight influence of large scale movements of 
magma in the intrusive complex on the partially molten material within the 
metasedimentary block. 
These very coherent boudinaged areas often grade texturally towards the more 
disrupted breccias. For instance, in plate 3.12a it can be seen that towards the top left 
hand side of the picture there is a gradual increase in the amount of matrix relative to 
fragments, coupled with increased disruption of the fragments. The fragments can, 
however, retain their parallel orientation for some time. Gradually the rock loses 
coherence; the fragments become more and more disorientated and the proportion of 
matrix increases as well as becoming more homogeneous internally (plate 3.12c). 
Some rocks contain very few fragments indeed (plate 3.12d). These fragments vary in 
size from millimetres to around 5cm. in width and up to 10cm. in length. They are 
often rectilinear with quite angular corners, but rounded fragments are also observed. 
The overall distribution of coherent boudinage-type structures and breccias 
relative to each other is difficult to determine. Generally speaking the rocks get more 
incoherent as the edge of the metasedirnentary screen is approached. This would 
appear to be a gradual transition. However, irregularly shaped incoherent zones within 
the block itself were also observed. In these instances, the change is not always so 
gradual and can be quite abrupt, occurring over distances of centimetres. These zones 
may be related to zones of penetration of magma from the igneous complex, or may 
represent areas in which the original layering was of a less refractory composition and 
thus underwent higher degrees of melting. 
Occasionally zones are found in which the fragments present tend to be 
stretched out implying the possibility of dynamic activity in the form of shear zones. 
Several of these shear zones are observed cutting across the block. 
Cross-cutting all the features described above are granitic dykes derived from 
the later phase II granitic episode (plate 3.13a). The cross-cutting relationships shown 
by these bodies verify that melting activity is associated with the intrusion of the 
phase I diorite and predates the intrusion of the phase 11 granite. Long 
quartzofeldspathic veins are also observed to cross-cut all the structures described 
above, therefore post-dating them. These consist of thin 0.5-1.0cm. wide, parallel-
sided veins which extend laterally for often as much as tens of metres across the 
outcrop. These veins may be equivalent to the quartz-muscovite veins described at 
AlIt Guihhsachain, and are probably also derived from the phase 11 granite. 
PLATE 3.13 
13a. A granite dyke exhibiting a cross-cutting relationship with the 
adjacent breccia. Notice how a large laminated fragment truncates abruptly 
against the edge of the dyke. 
13b. Thin section from a cross-cutting leucosome of an euhedral quartz 
face projecting into interstitial K-feldspar. [ppl] Height of photograph = 
0.5mm. Rock No. CLI2. 
13c. Thin section view of boudinage (i.e. very little disruption of 
fragments relative to each other) in which there is no difference between 
the leucocratic material cross-cuffing and running parallel to the boudins. 
One of the fragments shows evidence of some mechanical disturbance 
with the matrix material exploiting a weakened area probably due to the 
presence of a melt-filled vein structure; the fragment to the right of the 
fractured one shows a similar fracture but has not been disorientated in the 
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Detailed Peirographic Despeription. 
First of all the more coherent boudinage-type group will be described, then the 
breccias. Whenever possible comparisons with the Alit Giubhsachain rocks will he 
made. 
Coherent boudinage-type rocks. 
As far as the general morphology and compositional make-up of these rocks is 
concerned, they are very similar to the Alit Guibhsachain boudinage examples. They 
show all the characteristic components; the rigid boudin fragments, K-feldspar-absent 
selvages, cross-cutting leucosomes and related material miming parallel to the 
boudins. There is therefore ample evidence that the same processes operative at Alit 
Guibhsachain are operative at Sgorr Dhearg. 
Slight disruptions of the fragments are more common. As mentioned in the 
previous section the boudinage is more severely developed and more disruption is 
perhaps inevitable. Small-scale faulting is also common (see colour plate 3.3a).i1is 
faulting would appear to post-date the main boudinage-forming episode; already 
formed boudins are disturbed by the fault. Also the orientation of the fault plane has 
no relation to the boudin fractures. The fault plane, however, would appear to be 
exploited by movements of melt appearing to originate from the immediately adjacent 
rock. This nnplies that faulting must have occurred after the hydraulic fracturing but 
before the related partial melt solidified. 
Occasional anomalies are noted at Sgorr Dhearg with respect to the 
mineralogy of leucocratic features. Examples are found in which K-feldspar is the 
interstitial phase in both the cross-cutting leucosome and the parallel leucosoine (plate 
3.13b). At Alit Guihhsachain quartz was always observed as the interstitial phase. in 
these anomalous examples K-feldspar, not quartz, is more abundant in the cross-
cutting leucosoine. 
It is not unusual at Sgorr Dhearg for there to be no difference between the 
cross-cutting and parallel leucocratic material around the boudins. Plate 3.13c 
illustrates this. This homogenous matrix consists mainly of K-feldspar, quartz and 
biotite laths. Melt textures such as euhedral K-feldspar faces projecting into large 
optically continuous quartz are abundant. Homogenous matrix was previously only 
associated with breccias. This particular matrix shows similarities to the K-feldspar-
rich leucocratic matrix described in section 3.2.2., but is finer-grained and melt 
textures are more abundant. 
Some fragments exhibit internal features such as discrete leucocratic 
segregations, see plate 3.13c. These internal features exhibit all the same petrographic 
properties as the different discrete segregation types previously noted outwith the 
fragments. 
COLOUR PLATE 3.3 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate 3.3a. Surface stained yellow for K-feldspar of a sample of 
boudinage affected by an oblique fault, which has resulted in the 
displacement of associated fragments by a distance of about 1cm. Notice, 
however, that the throw of the fault is also indicated by the curvature of 
the fragments as the fracture is approached and is contrary in sense to that 
indicated by matching the lithologies across the fault. This implies more 
than one movement of the fault zone. The oblique orientation of the fault 
with respect to the hydraulic fractures also present implies that it is not of 
the same association; furthermore, it cross-cuts more than one layer, unlike 
the hydraulic fractures. Had such a fault zone pre-dated the main melting 
episode the associated build-up of melt would have exploited this already 
present fault zone rather than have caused the additional formation of the 
hydraulic fractures. 
Colour plate 3.3b. Stained surface of a hand specimen showing a mixture 
of dioritic and K-feldspar-rich leucocratic matrix. K-feldspar-rich haloes 
are apparent in the matrix around the fragments indicating reaction of the 
fragment with its' surrounding matrix. The presence of K-feldspar-rich 
haloes can make it difficult to tell how much of the breccia matrix is in 
situ K- feldspar- rich partial melt, and how much is as a result of reaction of 
dioritic matrix with the fragment. Note also that some of the smaller 
fragments are being dragged up into the spaces between the larger 
fragments (while arrow). This is probably due to the movement of melt 
into the pressure minima between the fragments as a consequence of the 




These rocks frequently consist of randomly orientated homfels fragments of 
various shapes and sizes floating within a largely homogenous matrix, ibis 
homogenous matrix can be divided into three types:- 
a). Dioritic matrix. 
h). K-feldspar-rich leucocratic matrix. 
Ductile semi-pelitic matrix. 
The dioritic matrix type shows many similarities, but is not identical to, 
diorite observed from locations within the complex where no assimilation processes 
have been active. Unaltered diorite consists of plagioclase, biotite and hombJencle 
laths in a matrix of interstitial quartz, occasionally accompanied by K-feldspar (Weiss 
and Troll, t990).  Diorite from close to the metasedimentary block tends to lack 
hornblende and contain much higher amounts of K-feldspar. This K-feldspar tends to 
show an interstitial relationship to the quartz. These changes in character are probably 
a product of assimilation processes. They may be due to assimilation of the Sgorr 
Dhearg block itself and/or assimilation of other nearby blocks and xenoliths. 
The K-feldspar-rich leucocratic matrix is comparable to the matrix type of 
the same name described from Alit Guihhsachain. 
C). This matrix type is also comparable to the ductile semi-pelitic matrix 
described from Alit Giubhsachain. It contains abundant quartz with a rounded, 
subhedral habit. However, cordierite is also present in large quantities, like quartz, 
exhibiting a subhedral habit. At Alit Guibhsachain cordierite was not observed in such 
large quantities. 
There is a continuous gradation between the first two types mentioned above. 
They are also the most common types of matrix observed. In some of the more 
coherent examples it is difficult to tell how much of the leucocratic material is a result 
of infiltrating magma and how much is a result of in situ partial melting (for example, 
see colour plate 3.3b). In general the diorite is less K-feldspar and more plagioclase 
rich, vice versa for the partial melt. Unaltered diorite is very rare; the vast majority of 
the samples studied showed some degree of contamination by K-feldspar-rich 
material. 
K-feldspar haloes are often apparent in the matrix around the fragments 
indicating reaction of the fragment with its surrounding matrix (see colour plate 3.36. 
Note also that some of the smaller fragments are being dragged Lip into the SilCCS 
between the larger fragments. This is probably due to the movement of melt into the 
9() 
pressure minima between the fragments as a consequence of the fracturing process. 
K-feldspar haloes are often associated with K-feldspar-absent selvages around the 
edges of the fragments. Another feature often associated with the fragments is biotite-
rich selvages. These biotite-rich selvages tend to be restricted to the lengths of the 
fragments and are not present all the way around. 
Internal structures within fragments are also present in these less coherent 
rocks. In these rocks not only were discrete segregation types observed as internal 
features but also miniature boudinage structures (colour plate 3.4a). This implies that 
some of these breccia fragments may at one time have been members of a coherent 
boudinage-type group, which has subsequently been brecciated. 
K-feldpsar-absent selvages are commonly observed around the outside edges 
of the hornfels fragments (see colour plate 3.4b). These are commonly coupled with a 
K-feldspar-rich halo in the matrix material (colour plate 3.3b), although sometimes 
the matrix appears to have been effected so extensively that it is difficult to constrain 
the extent of the K-feldspar enrichment of the matrix. 
Interpretations. 
Much evidence suggests that similar melting processes were active initially at 
Sgorr Dhearg as were active at Alit Giubhsachain. The overall morphology of many 
of the boudinage and breccia structures is comparable to Alit Giubhsachain and also 
many fragments have internal evidence of the initiation of melting processes. 
It would appear that there was more variation in the initial melt composition 
with more than one crystallisation path apparent i.e. K-feldspar also observed as an 
interstitial phase. At Alit Giubhsachain lateral variations in bulk mineralogy were 
noted but quartz was invariably the interstitial phase. Fig. 2.15 shows a schematic 
diagram of the quartz-feldspar ternary system. To crystallise quartz first and then K-
feldspar, a relatively quartz-rich bulk melt composition is required, lying on the 
quartz-rich side of the cotectic. Notice that the liquidus on this side of the cotectic is 
very steep when compared to the K-feldspar-rich side. This would imply that in order 
to produce a quartz-rich bulk melt composition very high temperatures are required to 
produce enough melting to move the bulk melt composition off the colectic. Higher 
temperatures are probably reached in the Sgorr Dhearg partially assimilated block 
than on the Alit Guibhsachain ridge and thus a wider range of compositional layers 
are melting. Also the additional factor of possible interference by igneous components 
could complicate the melting sequence. The appearance of homogenous matrix in 
samples which otherwise would be classed as boudinage is again perhaps a 
consequence of slightly higher degrees of melting. If melt is accumulating faster it 
may be reasonable to envisage homogenisation of the matrix components before 
subsequent disrupting processes become active. 
COLOUR PLATE 3.4 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate 3.4a. Stained surface of a breccia sample in which 
disorientated fragments are seen to contain internal boudinage structures 
(white arrow). This implies that already boudinaged material has 
undergone a second fracturing episode to form the breccia fragments. 
Rock No. BI I. 
Colour plate 3.4k Stained surface of a breccia sample where fragments 
display a very well developed K-feldspar-absent selvage. Although this is 
commonly coupled with a K-feldspar-rich halo, in this sample the entire 
matrix is K-feldspar rich making it difficult to constrain the extent of K-
feldspar-enriclunent. Rock No. B5. 




















At Sgorr Dhearg it is apparent that later dynamic processes were more active 
producing an abundance of small-scale faulting and the common occurrence of shear 
zones. These faults, shears zones, etc. post-date main melting but pre-date final 
solidification. This implies that some kind of disruptive influence occurred at this 
time. Many fragments contain internal evidence of melting, even internal boudinage 
structures in some of the more incoherent breccias. The presence of boudinage 
structures within a single fragment suggests that a larger scale brecciation mechanism 
than those previously envisaged was active. Previously brecciation involved the 
further disruption of already formed boudins. This larger scale process involves the 
formation of fragments large enough to fully encompass several boudins plus their 
accompanying leucocratic material. Boudinage on differing scales may be occurring 
simultaneously. 
A possible melting history of the Sgorr Dhearg block could occur as follows:- 
OMd 
The block began to melt internally,then as melting advanced, hydraulic 
fracturing occurred which igneous material then began to exploit, intruding along the 
resultant fractures. 
A later disruptive episode resulted in a subsequent stress regime and mime 
later small-scale faulting and the shear zones. It may also have triggered a large scale 
brecciation episode. This later brecciation probably to a large extent exploited time 
already weakened state of the rock. 
Further igneous intrusion and movements of the still liquid internally-
derived partial melt exploit these new fractures. 
A cause for this later disruptive episode could be large-scale movements of 
magma within the igneous complex as a whole influencing the partially melted block. 
Alternatively the initial melting may have taken place while the block was still pail of 
the country rock. The final incorporation of the block into the magmatic body may 
have resulted in the later disruption. 
CHAPTER 4. PETROGRAPHIC ASPECTS OF 'I'h1I: 
EXIENSIVELY MEL'FED ROCKS O1' TIlE CHAOTIC ZONE. 
4.1. INTRODUCTION. 
This third location is situated on the W flank of the intrusive complex (see fig. 
3.1). It consists of a body of Leven Schist which is both in contact with and underlain 
by igneous material (Rabbel and Meissner, in press). Fig. 4.1 shows cross sections 
taken from Weiss (1986). 
At this location the rocks show considerable variation in the field. Small-scale 
disruption of the primary metasedimentary layering is extremely common, almost 
ubiquitous. The most common form of disruption is the formation of breccias. These 
consist of randomly orientated horniels fragments of various sizes lying within matrix 
of nietasedimentary appearance. This matrix is generally quite granulose but can 
often show a laminar fabric. Other common forms of disruption include boudinage, 
rotation of individual blocks and ductile folding. Penetrative vein systems cross-cut 
many of these structures. Overall disruption of the primary layering has occurred 
much more extensively than elsewhere in the aureole. The location has been given the 
name, the "Chaotic Zone", based on these field characteristics. However, despite 
much local disorientation, this field term is not intended to imply irregular structures 
on all scales; often the rocks do preserve much regularity in the overall orientation of 
the metasedimentary layering. 
It is thought that melting was much more extensive in this zone than 
elsewhere, leading to the formation of large bodies of rock which have become melt-
bearing and ductile. Small-scale melt segregations of the type described in the 
previous chapter from the less extensively melted rocks of Alit Guibhsachain are rare 
in the Chaotic Zone. In the Chaotic Zone melt largely remains intimately interspersed 
throughout the residual material. However, as with less extensively incited rocks 
competency contrasts between adjacent layers have developed in the much the same 
way and with similar results i.e. fracturing and disruption of the more rigid competent 
layers. The ultimate result is the formation of large-scale boudinage and breccia 
structures with morphologies not unlike those seen in less extensively melted rocks. 
The following chapter will first describe the broader morphological aspects of 
the phenomena observed at this location. Subsequently, the petrography of selected 
features will be described in more detail. 
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I - Quarnte 
2 - Pehte 
3 - Appinite Suite 
4 - Quartz diorite 
5 - Oiorite 
6 - Monzodiorite 
7 - Granite ( mixed" granite) 
8 - Granite (pink granite) 
9 - Felsitic microgranite 
10 - Sharp magmatic contact with xenoliths 
11 - transition zones 
12 - Dykes (rhyol ites and porphyrites) 
14 - Contact metamorphic zonal boundaries 
(see Figs. 1 and 4.1 and Chapter 4). 
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Figure 4.1. Some cross sections through the Ballachulish Igneous Complex (taken from Weiss, 198 
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4.2. BROAD MORPHOLOGICAL DESCRIPTION. 
Foliated metasedirnentary material is an important component of all the rocks 
at this location. The nature of this foliated metasediment varies considerably. There is 
a continuous gradation between very finely laminated material to rocks in which only 
diffuse layering is discernible, if at all. Often bodies of such foliated material appear 
to flow around one another forming the type of disruptive features to be described 
below. Occasional layers and laminae are present which are particularly andalusite-
rich. The metasedimentary material can be divided up into different end-member 
groups according to basic structural and mineralogical properties. Descriptions of 
these groups and their more detailed petrography are given in section 4.3.1. 
Areas are found in which regional foliation has been preserved largely 
undisturbed. In these instances very steep dip and northeasterly strike measurements 
confirm that the orientation of this foliation is consistent with the regional trend of the 
Dalradian lithologies of the area. More generally, however, some form of disruption 
is observed, albeit sometimes on a very small-scale. Such disruption often takes the 
form of irregular folding. This appears to be more common in finely laminated 
metasedimentary rocks. This very irregular folding does not resemble folds 
associated with the regional metamorphic episode which tend to be tight isoclinal 
folds (Platten, 1983). Irregular folds range in their scale of development from 
millimetres to tens of centimetres. The full range of scales may be present in any one 
outcrop. The style of individual folds varies considerably and often extreme losses in 
competence are indicated. Plate 4.1 a shows an example of such folding. 
More interesting, however, is the role that this foliated metasedunentary 
material plays in the large-scale disruptive structures. Boudinage and breccia-related 
structures are particularly common, and the material filling the spaces between 
boudins, or the matrix component of these structures, often comprises material of a 
foliated metasedimentary appearance. These structures are developed in a much 
larger scale than at Alit Guibhsachain. Boudin fragments in the Chaotic Zone may be 
up to tens of centimetres in width and as much as a metre apart. Small-scale 
structures are observed rarely and show all the usual characteristics (plate 4.1b) as 
described in the previous chapter, section 3.2.1. 
Many of the morphological characteristics of these large-scale structures are 
comparable to the small-scale equivalents. However, the material filling the gaps 
between disrupted boudins and forming the matrix of breccias is usually grariulose, 
but occasionally fmely laminated, metasediment. This matrix is therefore distinct 
from the less extensively melted areas in which often quite complex mixtures of 
different components and distinct leucosomes are found. The large-scale features 
observed in the Chaotic Zone are classed as boudinage or breccia structures in the 
PLA'I'Li 4.1 
I a. Disruption of the primary layering in the form of irregular folding. The 
style of the folds is angular and polyclinal, often the hinge is associated 
with an apparent loss of coherence. 
lb. Hand specimen showing a boudinaged layer cross-cut by leucosomes 
which connect with leucocratic material running parallel to the lengths of 
the fragments. Rock No. A56. 
Ic. Numerous parallel-orientated fragments which are all of a similar 
cordierite-rich composition implying that they represent either a single 
layer or series of closely spaced layers. The matrix comprises 
rnetasediinentary material in which it is possible to detect an internal 
fabric running to a large extent parallel to the lengths of the fragments. 
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same way as the smaller scale equivalents; according to the relative degrees of 
displacement of the rigid fragments with respect to one another. in boudinage there is 
no major disorientation of the fragments relative to each other whereas in breccias 
they become randomly orientated. 
The fragments themselves are variable in composition; mainly combinations 
of Al-silicate-rich and quartz-rich laminated rock. A greater degree of compositional 
variation is shown than in less extensively melted areas. The size of the fragments 
also varies considerably, from millimetres to tens of centimetres. In the case of 
boudinage structures fragments can reach a width of 0.5m.; in breccias they tend to be 
smaller, in subsequent descriptions fragments which are greater than 10cm. in width 
will be referred to as blocks. In breccias there may be considerable variation in size 
even within a single outcrop. 
Boud inage -related features often take the form of "strings" of homfels 
fragments of similar composition (see plate 4.1c). The fragments show a consistent 
orientation with their lengths parallel to the direction of the "string". The strike of 
these so-called "strings" is northeasterly and is therefore consistent with regional 
foliation. These fragments would therefore appear to represent the boudinage of a 
single layer with relatively little disruption other than the boudinage process itself. 
The distance between fragments is related to their size; small fragments lie only 
centimetres apart, whereas as much as a metre may separate larger blocks. 
Another common feature is the occurrence of single blocks of metasediment 
which have become rotated in situ relative to their parent layer. Plate 4.2a shows an 
unusually large example of such a feature in which the block has been rotated about 
900  to its original orientation. 
Breccia structures are perhaps the most common disruptive feature observed 
in the Chaotic Zone. Breccia "patches" are considerably larger than in the less 
extensively melted areas. The shape of these breccia patches is difficult to discern; 
usually patches cover most or all of an outcrop and are certainly often metres in 
width. The size and composition of fragments varies between and within these 
patches. The concentration of fragments within a single patch also varies; some 
consist of a few widely distributed fragments making up perhaps 15-20% of the 
material present (plate 4.2b), others contain a much higher proportion of fragments. 
Often the matrix around fragments shows evidence of complex internal structures (see 
plate 4.2c'). Breccias showing similar properties with respect to size and concentration 
of fragments outcrop in a linear fashion thus implying very large elongate breccia 
zones, rather than patches. Like the boudinage "strings", these zones lie along a 
northeasterly direction consistent with the regional trends. 
Another feature noted in the Chaotic Zone is the occurrence of discontinuity 
and low angle transections of foliation between different bodies of metasediment 
103 
PLATE 4.2 
2a. A single large block of laminated metasediment is rotated 900  from its 
original orientation (given by material at bottom and just above, which 
have a foliation orientation consistent with most of the meta.sedimentary 
rocks of the area). 
2b. A few widely distributed fragments with random orientations are seen 
to make up perhaps 15-20% of the material present. The matrix consists of 
granulose textured metasediinentary material. 
2c. Randomly orientated fragments of apparently diverse origins are 
surrounded by matrix material exhibiting evidence of complex internal 
structures. 
2d. Hand specimen showing a contact between two bodies of laminated 
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(plate 4.2d). The contacts between regions of differing foliation are sharp and 
generally planar. In some examples as the contact is approached the foliation curves 
towards it implying one-time shearing motion. Frequently no such curvature is visible 
and one body simply truncates abruptly against another. 
Most of the above rocks and the structural features already noted are cut 
through by penetrative vein systems. There are two main types of such veins:- 
pervasive veins. 
"cracked" veins. 
Pervasive veins are extremely widespread throughout the Chaotic Zone but 
cracked veins are found only close to the igneous contact. Both types will be dealt 
with further in section 4.3.4. 
4.3. DETAILED PETROGRAPHY. 
4.3.1. METASEDIMENTARY MATERIAL. 
This material can be divided into groups based on varying mineralogical and 
structural properties -. - 
Laminated metasediment. 
(3ranulose metasediment. 
C). Granitic material. 
The characteristics shown by these different groups are very important in the 
subsequent structural evolution of the rocks at this location, it should be emphasised 
here that these divisions have arbitrary boundaries and they in fact represent end-
members between which there is a continuous gradation. 
Laminated met asediment. 
Rocks in this group are composed of thin laminations of varying 
mineralogical composition. Laminations are generally less than 1mm. in thickness 
with sharp boundaries (colour plate 4.1a). Variations in composition are mainly due 
to changes in quartz, K-feldspar, plagioclase, cordierite and biotite content. The 
overall grain-size is approximately 0.1mm. Crystal habits exhibited by certain 
minerals are typically constant. Biotite consists of small laths usually orientated 
parallel to the main foliation direction thus defining a schistosity. Cordierite, 
exhibiting an elongate porphyroblastic habit, is also orientated parallel to the 
foliation. These cordierite porphyroblasts contain numerous inclusions of mixed 
phases showing the same mineralogy as the adjacent matrix. Quartz occurs as 
COLOUR PLATE 4.1 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate Ia. Stained surface of a hand specimen of finely laminated 
metasediment. Laminations are generally less than 1mm. in thickness with 
sharp boundaries. Variations in composition are mainly due to changes in 
quartz. K-feldspar, plagioclase, cordierite and biotite content. 
Colour plate lb. Stained surface of a specimen illustrating how coarse-
grained layers are associated with disruption of the fine laminated fabric of 
the rock. Tight, rootless folds are present, the liinbs of which are 
accompanied by extreme thickening of the coarse-grained layer. Tiny drag 
folds are seen both on the limbs of the larger folds and in apparently 
unaffected material. Small-scale shearing is also observed, often 
associated with the hinges of the larger folds. Leucocratic material 
(coarse-grained veins) has exploited the fracture zones. Rock No. A59. 
Colour plate Ic. Stained surface of a specimen of granulose inetasediment 
in which gradual variations in K-feldspar content define common diffuse 
foliae. Rock No. A20. 
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subhedral to rounded crystals whereas feldspars tend to form equigranular, polygonal  
crystal aggregates. 
Monontineralic K-feldspar-rich laminae are quite common (plate 4.3a). These 
resemble the continuous feldspathic veins described in section 3.2.2, in both 
mineralogy and crystal relationships. Occasionally a biotite-rich selvage is present 
along the edges of these structures. Occasional thicker layers are observed which are 
particularly andalusite-rich. These thicker layers can reach up to 10cm. in thickness. 
Andalusite forms 0.5-1.0cm. long, randomly orientated prisms, which sometimes 
cross-cut laminations. Andalusite is resistant to weathering and therefore weathers 
out, giving those layers containing a high concentration of andalusite prisms a 
distinctive appearance in the field. The rarity of these layers, in fact, makes them very 
useful local marker horizons in the sometimes extremely disturbed rocks of the 
Chaotic Zone. 
Another widespread feature in laminated metasediment is the occurrence of 
occasional coarser grained layers (plate 4.3b). These coarser grained layers range 
from less than a millimetre to perhaps a centimetre in thickness, and are rich in quartz 
together with biotite and either K-feldspar or plagioclase. Quartz forms larger 
rounded crystals (0.5mm. dia.) whereas the associated minerals form a finer-grained 
matrix to the quartz. These coarser grained layers are particularly interesting as small-
scale disruption of the lamination is always associated with the presence of one or 
many of such layers. Such small-scale disruption takes the form of tight, rootless 
folds; shearing; and occasional small-scale boudinage structures. Colour plate 4. lb 
shows many of the above features. Notice that the folds are associated with extreme 
thickening of the coarser-grained layer at the hinges, implying lateral movement of 
the material within this layer to collect in the pressure minima represented by the 
hinge. Thickening is not observed in the finer laminations, indeed the hinges are often 
associated with shearing. Material infilling spaces between small boudins is often 
similar to the coarse-grained layers. 
Granulose metasediment. 
In many of the granulose metasedimentary rocks, although foliation is still 
discerni ble, there is a noticeable deterioration in continuity, which is coupled with a 
general coarsening in grainsize (0.2-0.3mm) and a more granulose texture. Frequently 
observed is the presence of only very diffuse foliae, with only slight heterogeneity 
visible in the field. These rocks exhibit more variation under the microscope, where 
changes in the concentrations of many of the common mineral phases become 
obvious. Staining for K-feldspar (see appendix I) has proved an invaluable tool for 
emphasising the properties of the foliation in hand specimen as gradual variations in 
K-feldspar content define common foliae (colour plate 4.1c) which are hard to detect 
PLATE 4.3 
Thin section showing two monomineralic K-feldspar laminae 
(indicated by arrows) comprising granuloblastic aggregates of K-feldspar 
grains. Biotite-rich selvages are observed bounding either side of the 
laminae. Ippli Width of photograph = 2mm. Rock No. A59. 
Thin section of finely laminated metasediment showing a 
monomineralic lamina running across the centre of the view, and to the 
o*c,rr , a coarse-grained layer comprising subhedral to rounded 
quartz surrounded by a fine-grained matrix of feldspar and biotite. [pplJ 
Width of photograph = 4.5mm. Rock No. A59. 
An irregularly-shaped body of granitic material is observed to cross-
cut the structures in the adjacent rock. Small angular fragments are present 
within the granitic body. 
Thin section of a cordierite crystal showing an interstitial habit 
between quartz crystals. Ippil Width of photograph = 0.51ym. Rock No. 
A58X. 
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by other means. Variations in minerals such as biotite, cordierite and andalusite also 
define foliae; observations are made easier in these instances by differences in their 
colour and weathering properties. The grain-size of these more granulose rocks can 
reach about 0.5mm., but is generally less. 
The foliae defined in granulose rocks range in thickness from less than a 
millimetre to perhaps 2-3cm. Additionally foliae frequently vary laterally in 
thickness, occasionally pinching-out completely (colour plate 4.2a). Other 
complications to the foliation include the frequent occurrence of undulosity and small 
"islands" of laminated material in which the direction of the lamination is orientated 
slightly obliquoften by a few degrees only, to the overall foliation. Rotated islands 
are bounded by small shear zones where the lamination truncates abruptly against 
adjacent foliae, also illustrated in colour plate 4.2a. 
In these more granulose rocks the crystal habits shown by many of the mineral 
phases show some diversity and crystal relationsl4)s are more complex. Cordierite 
and biotite show the biggest change in terms of habit. Cordierite is now largely 
present as stubby, suhhedral-euhedral crystals (to be described in chapter 5), and 
biotite predominantly forms large xenomorphic, interstitial crystals with many 
inclusions (see section 4.3.2). The habits shown by other mineral phases and the 
nature of the intercrystalline relationships will also be discussed further in Section 
4.3.2, in which two particular microscopic textures found repeatedly in granulose 
rocks are described. These two textures are melt crystallisation textures, where 
euhedral faces of one phase projecting into another are commonly observed, and 
"mosaic" textures involving large, subhedral/rounded quartz crystals surrounded by 
an aggregate of finer-grained K-felspar-rich material. 
Although most foliae within the granulose rocks exhibit some form of the 
above two textures, some interspersed foliae exhibit textures which have more 
affinity with the laminated metasedin-ientary rocks described in the previous section 
i.e. they contain cordierite porphyroblasts, biotite laths, etc. These interspersed foliae 
are often laterally discontinuous. Many of the small rotated islands referred to earlier 
and illustrated in colour plate 4.2a involve "laminated" material of this type. 
Granitic material. 
Rare instances of homogenous rocks, without even diffuse foliation, are 
observed. These rocks, as will be seen below, show a granitic mineralogy. 
Transitional contacts are found but there is often quite an abrupt contact 
between this homogenous, usually more coarse-grained, material and the adjacent 
rock. Generally the contact is parallel to the foliation in the adjacent rocks, although 
irregularly-shaped bodies showing a cross-cutting relationship are observed (plate 
4.3c). Small horniels fragments are occasionally present within these granitic bodies. 
MZ 
COLOUR PLATE 4.2 
The hand specimens shown in these plates have been stained for K-
feldspar (the details of the staining technique are given in appendix I) 
Colour plate 2a. Stained surface of a specimen illustrating foliae varying 
laterally in thickness from less than a mm. to more than a cm. Many of the 
layers pinch out completely. Other complications to the foliation include 
the frequent occurrence of undulosity and small "islands" of more finely 
laminated material in which the direction of layering is orientated slightly 
oblique to the overall foliation, often a few degrees only. Rotated islands 
are bounded by small shear zones where the layering truncates abruptly 
against adjacent foliae. Notice that to a large extent a rough laminar 
structure is preserved. 
Colour plate 2b. Diffuse layering in the granulose matrix is seen to curve 
passively around the end of the laminated fragment. Notice that certain of 
the K-feldspar-rich layers in the matrix taper out as the fragment is 
approached. Surrounding the fragment is a very thin coating of quartz-rich 
material which exhibits mosaic texture. Rock No. A2b. 
Colour plate 2c. Intense disturbance of the layering in the matrix is 
associated with the edge of a fragment. The fragment itself is fractured 







Microscopically, this material consists of quite a high proportion (up to 40%) 
of plagioclase laths, up to 3mm. in length, which are surrounded by a matrix of 
subhedral-anhedral quartz and interstitial K-feldspar with an average grain-size of 
0.5mm. K-feldspar is often partially or wholly replaced by secondary muscovite. 
Additional phases include cordierite which shows an interstitial habit (see plate 4.3d) 
and small amounts of chioritised biotite. 
4.3.2. SPECIFIC MICROSCOPIC TEXTURES. 
Detailed consideration of some of the microscopic textures in these rocks 
leads to information regarding the distribution and crystallisation of the melt phase. 
The first part of the description below involves textures which are attributable to the 
crystallisation of a silicate melt. The second part describes textures which are 
considered to be related to the formation of the melt phase. In both parts of the 
discussion a certain amount of interpretation is included in the description, but major 
implications with respect to the melt distribution and behaviour are discussed in 
section 4.4. 
The third part of this section concerns identification of residual (or unmelted) 
grains in the rocks, and discusses the difficulties which are encountered in 
differentiating between these and grains proposed to have crystallised from the melt. 
Melt crystallisation textures. 
As mentioned in the previous chapter, euhedral faces of one phase projecting 
into another are a phenomena particularly associated with igneous rocks and the 
crystallisation of silicate phases from a silicate melt. in leucosomes at Alli 
Guibhsachain euhedral K-feldspar faces projecting into interstitial quartz were 
particularly common. In the Chaotic Zone a wide variety of minerals show this type 
of crystal relationship. It is developed most prolifically in the granulose 
metasedimentary group. It is so widespread in some of the foliae that the general rock 
texture approaches an igneous appearance. 
Most of the following description applies mainly to the granulose rocks and 
the homogenous granitic material, but as will be described at the end of the section, 
such textures are not absent in laminated rocks. 
Quartz, K-feldspar and biotite are the most common phases to take the form 
of an interstitial phase. 11ese interstitial crystals have many long, thin extensions 
which protrude along the grain boundaries between two of the adjacent phases (plate 
4.4a) and are often optically continuous with other apparently unconnected crystals of 
the same phase. Quartz and biotite sometimes form quite large optically continuous 
PLATE 4.4 
Thin section showing small interstitial biotite with long, thin 
extensions which protrude along the grain boundaries between two of the 
adjacent phases. There are four different areas of biotite visible, which 
although apparently unconnected, are optically continuous. Also visible in 
this view at the bottom is interstitial K-feldspar. Ippli Height of 
photograph = 1mm. Rock No. A62. 
Thin section showing biotite fonning a large poik.ilitic crystal wholly 
and partially enclosing subhedral to rounded quartz crystals. The enclosed 
crystals are distributed throughout the entire biotite grain. LpplJ  Height of 
photograph = 1mm. Rock No. A9. 
'ic. Thin section view of quartz forming large interstitial crystals into 
which euhedral crystals of K-feldspar project. A large central area of the 
quartz crystals is inclusion-free. [xplJ Height of photograph = I .5mm. 



















crystals, up to 5mrns. in diameter. They also poikilitically enclose numerous, usually 
quite rounded but sometimes subhedral-euhedral, crystals of often more than one 
phase. These inclusions are usually smaller but can be the same grain-size as 
equivalent phases external to the interstitial, poikilitic crystals. In biotite, inclusions 
are distributed relatively evenly throughout the crystal (plate 4.4b). The actual 
amount of biotite can be quite small and form little more than a film around the grain 
boundaries of the enclosed phases. Enclosed phases include combinations of quartz, 
K-feldspar, plagioclase and cordierite. Where quartz forms the interstitial phase, 
inclusions are often concentrated towards the edges of the crystal leaving a large 
inclusion-free central area (plate 4.4c). Enclosed phases are combinations of K-
feldspar, plagioclase and cordierite. 
K-feldspar tends not to form single large, optically continuous crystals, but 
consists instead of equigranular aggregates of smaller polygonal crystals (plate 4.5a). 
Thin extensions of such crystals are observed to protrude along grain boundaries of 
adjacent phases in the same way as quartz and biotite. Euhedral faces of quartz and 
cordierite are commonly observed projecting into the smaller crystals of the 
aggregate, and the K-feldspar aggregates as a whole give an interstitial/xenomoiphic 
appearance. 
Less common are instances in which cordierite, andalusite and tourmaline 
exhibit an interstitial habit. Tourmaline behaves in much the same way as biotite. 
Cordierite and andalusite tend to form small, xenomorphic crystals into which 
euhedral faces of usually quartz project, see plates 4.3d and 4.5b. 
Within any particular folia there is usually only one dominant phase showing 
an interstitial texture. Biotite is an exception to this, showing a random distribution 
and often accompanying other phases exhibiting an interstitial habit; for instance see 
plate 4.4a, in which K-feldspar is also observed as an interstitial phase. 
Although these textures, believed to result through crystallisation from a 
silicate melt, are particularly abundant in granulose rocks, some laminated rocks do 
exhibit similar textures. in laminated rocks quartz is generally observed as the 
interstitial phase. It forms very small crystals, less than 0.1mm. in extent, and often 
consists of Little more than thin branches extending along the grain boundaries of the 
adjacent phases, see plate 4.5c. These adjacent phases, often partially or wholly 
enclosed by the quartz, include K-feldspar, plagioclase and biotite. Central inclusion-
free areas in the quartz are not apparent. 
It should be borne in mind that post-melt subsolidus recrystallisation may 
disguise many of the melt textures, in both the laminated and the granulose rocks (see 
chapter 6). 
PLATE 4.5 
5a. Thin section showing K-feldspar exhibiting an interstitial habit with 
long extensions along the gram boundaries of two adjacent quartz crystals. 
Rather than forming single optically continuous crystals K-feldspar in this 
example is in the form of granuloblastic aggregates of smaller crystals. 
[pplJ height of photograph = 0.45mm. Rock No. A62. 
Sb. Thin section of a xenomorphic andalusite crystal poikilitically 
enclosing sudhedral to rounded quartz crystals. Low dihedral angles are 
common at the triple point between two of the enclosed quartz crystals and 
the interstitial andahusite. Ippli Height of photograph = 1mm. Rock No. 
A40. 
Sc. Thin section showing an instance in a finely laminated rock where 
quartz exhibits a distinctive interstitial habit with long, thin extensions 
protruding along the grain boundaries of the adjacent K-feldspar grains. 
Typical low dihedral angles are present at the junctions between two K-
feldspsar crystals and the quartz. [xpl] Height of photograph = 0.15mm. 














Rounded quartz, mosaic texture. 
This texture is very common in the granulose group. It occurs in foliae in 
which there is a high proportion of rounded quartz crystals. These quartz crystals are 
surrounded by a matrix of fmer-grained material which results in a "mosaic" 
appearance see plate 4.6a. A large proportion of the foliae in granulose rocks involve 
a texture of this type. It is also the texture observed in the coarser grained layers 
occasionally intercalated with the laminated metasediment. 
A similar texture was described in the rocks from Alit Guibhsachain and 
referred to as rounded quartz texture, see table 3.2. It was interpreted as a melt related 
phenomena, melting reactions initiating at irregular crystal boundaries and corners 
thus resulting in residual phases developing a rounded habit. The rounded quartz 
crystals could therefore represent residual unmelted quartz. The fine-grained matrix 
between the residual crystals could therefore be largely representative of what was 
once melt or melt-rich material. The rounded quartz in these mosaic textures varies in 
size within and between layers, from 0.2 to 0.5mm. Such rounded quartz is 
furthermore not evenly distributed throughout the zone, many crystals being joined 
together in clusters, but a systematic pattern is not discernible. The matrix is 
predominantly made up of fine-grained (0.05mm.) K-feldspar and plagioclase. 
Additional phases include cordierite, biotite and minor quartz. Cordierite forms 
stubby, subhedral crystals varying in size from that of the residual quartz to that of 
the matrix feldspar. Biotite is rare and forms large poikilitic, interstitial crystals, up to 
5mm.'s across and completely surrounding several of the rounded quartz grains. 
Quartz, when present in the matrix as well as in the rounded grains, is found 
as an interstitial phase (plate 4.6b). in these situations the crystals are very small, 
0.05-0.1 0mm., and tend not to have central inclusion-free areas. Instead most of the 
volume is, in fact, in the form of branches or thin extensions along the grain 
boundaries of adjacent phases. The presence of such a melt crystallisation texture 
supports the one-time presence of melt in these matrix areas. 
Feldspar, which makes up most of the matrix, often forms granuloblastic 
aggregates with well-developed 120 0  triple junctions. This texture is indicative of 
metamorphic annealing and textural equilibration (chapter 2). Where the texture is 
not annealed in this way both K-feldspar and plagioclase exhibit square/rectangular 
outlines. 
Bimineralic layers are also common. These generally contain a high 
proportion of rounded quartz with the second mineral forming the interstitial phase. 
Both K-feldspar and cordierite are found as the second mineral in these situations. 
Plate 4.6c shows such a layer with altered cordierite showing interstitial grain 
boundary features. 
PLATE 4.6 
6a. Thin section of rounded quartz, mosaic texture comprising rounded 
quartz crystals in a fine-grained matrix of mainly feldspar and occasional 
stubby cordierite crystals. (pplj Height of photograph = 1mm. Rock No. 
A26. 
I] 
6b. Thin section showing a close-up of the fine-grained matrix material in 
which euhedral edges of K-feldspar crystals can be seen projecting into an 
interstitial quartz crystal. IxplJ Height of photograph = 0.45mm. Rock No. 
A33. 
6c. Thin section view of a bimineralic layer in which the rounded quartz 
crystals are surrounded by a matrix comprising mainly of cordierite. 
Notice that the angles at junctions between two quartz grains and a 
cordierite grain are commonly very low and straight faces on the quartz 
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Residual phases. 
Residual phases are those phases which were either not involved in the 
melting reactions, or were involved but only partially used up. Possible melt reactions 
occurring in these rocks are discussed in chapter 2. In the above mosaic texture the 
rounded quartz crystals were interpreted as residual quartz which remained after 
melting had ceased. It was observed that in some mosaic zones, although the vast 
majority of the quartz is rounded in nature, there are a few instances in which a quartz 
crystal will exhibit straight, angular faces (plate 4.6b and c). Such a phenomencrcould 
be explained by secondary quartz crystallising from the melt and nucleating 
preferentially on the surface of residual quartz crystals already present. Thus a thin, 
or occasionally quite thick, coating of secondary quartz will grow around the former 
residual crystal. Another mechanism by which euhedral coats might form on pre-
existing crystals is via incongruent melting. For example; quartz, feldspar and biotite 
melting to form cordierite plus liquid, might lead to euhedral edges on pre-existing 
cordierite. Incongruent melting and the resorption of phases during the crystallisation 
process (Grant, 1985) may all result in complicated textural configurations. However, 
this alternative explanation is perhaps not as appropriate in the case of quartz. 
Generally in the quartz, visible signs of secondary coating, such as zoning, are absent. 
However, the occurrence of such processes does seem plausible in explanation of the 
occasionally observed euhedral faces. The common interstitial character of quartz 
situated wholly within the fme-grained matrix to the larger quartz grains confirms 
that secondary quartz is crystallising from the melt. 
Andalusite prisms are also thought to largely represent residual material. 
Often concentrations of such crystals are arranged parallel to the foliation of the rock 
which suggests that the concentration represents the position of an original (pie-
melting) andalusite-rich layer. The size and shape of the individual crystals within 
these concentrations is variable. Habits shown by the crystals vary from sub/euhedral 
(plate 4.7a), to rounded (plate 4.7b). 
Whatever their overall habit, the andalusite crystals are often irregularly 
cracked and incomplete. Rounded shapes and the presence of embayments could be 
caused by absorption of the andalusite into the melt phase as melting proceeds. The 
presence of irregular cracks is suggestive of mechanical disruption. Occasionally 
clusters of crystals have crystal outlines which would appear to match one another 
(plate 4.7b). This would suggest fracture of a larger crystal, followed by the 
mechanical displacement of the resulting pieces relative to each other. Larger 
prismatic crystals, more than 3mms. long, are often orientated parallel to the foliation 
of the rock (plate 4.7a). 
Andalusite crystals often exhibit an irregular zoned pleochroisrn (plate 4.7c). 
It could be that this provides evidence for secondary andalusite crystallising from the 
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PLATE 4.7 
Thin section of subhedral to anhedral andalusite prisms often showing 
irregular cracked outlines. [pplJ Width of photograph = 3nun. Rock No. 
A17. 
Thin section showing an irregularly cracked and embayed andalusite 
prism, formed of many smaller rounded fragments often exhibiting a 
rounded outline. Many of the fragments appear to have been displaced 
relative to one another implying the possibility of mechanical disturbance. 
Ippli Width of photograph = 2mm. Rock No. A62. 
Thin section of an andalusite prism exhibiting an irregular zoning 
pattern. [xpl] Width of photograph = 1.5mm. Rock No. Al 2. 
Thin section view of a larger andalusite crystal which exhibits long 
branch-like extensions showing an interstitial relationship with the 
adjacent phases. LpplI  Width of photograph = 0.45mm. Rock No. A40. 
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melt in a process equivalent to that thought likely in the case of quartz. I lowever, the 
irregular nature of the zoning together with the generally irregular, rather than 
euhedral, crystal outlines contradicts this line of reasoning. In support of the 
occurrence of secondary andalusite crystallising from the melt certain instances are 
observed where a large andalusite prism posesses long branch-like extensions 
showing an unmistakeablely interstitial relationship with adjacent phases (plate 4.7d). 
Such extensions could be explained by crystallisation of secondary andalusite from 
the melt in the vicinity of residual andalusite, thin connecting branches developing 
later. 
From the above description regarding quartz and aridalusite it is apparent that 
difficulties may he encountered in the interpretation of the melt crystallisation 
textures spoken of in the first part of this section. Some of the phases exhibiting a 
euhedral habit may in fact not wholly have crystallised from the silicate melt. The 
cores of such crystals may represent largely residual material. As it seems unlikely 
that quartz and andalusite are the only phases to remain after melting reactions have 
progressed to completion (this would require almost 100% melting in some cases), it 
seems probable that the above processes were active, thus complicating the 
interpretation of crystal textures in these rocks. 
4.3.3. PARTICULAR ASPECTS OF THE LARGE-SCALE BOUDINAGE 
AND BRECCIA STRUCTURES. 
Homlels fragments. 
The rocks forming the boudinage and breccia fragments in the Chaotic Zone 
are often laminated (see plate 4.2b and c). The petrographical characteristics of these 
fragments show many similarities to the finely laminated metasediment but differ 
mineralogically in that usually a high proportion of the laminations have unusually 
high Al-silicate or quartz-rich material contents. The crystalline textures are similar to 
laminated inetasediment, as is the occasional presence of melt-related phenomena i.e. 
coarse-grained layers and occasional melt crystallisation textures. 
Laminated fragments approach a rectilinear shape but commonly have 
rounded ends. They also frequently exhibit another shape; that of a smeared-out 
rectilinear/S-shaped body (plate 4.8a). These give the appearance of having 
undergone some form of differential stress and as a result have become sheared out 
laterally. Folded fragments are not uncommon and show various forms: simple 
arcuate fragments (plate 4.8b) with quite angular corners which probably represent a 
pre-melting fold hinge structure; and more intensely folded fragments, often with 
PLATE 4.8 
8a. Laminated homfels fragments, the central one of which exhibits a 
smeared-out rectilinear/S-shaped morphology. 
Hb. Hand specimen showing a laminated fragment forming a simple 
arcuate fold, displaying a sharp contact with the surrounding matrix and 
extremely angular corners. Rock No. CLI. 
8c. Intensely folded, laminated fragment with an irregular contact with the 
surrounding matrix. 
8d. Hand specimen showing andalusite-rich fragments with an extremely 
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irregular shapes and uneven boundaries with the surrounding matrix (plate 4.8c); 
probably a result of deformation during the partial melting event. 
Unlaminated fragments are also common; three compositions are observed: 
andalusite-rich, quartz-rich and cordierite-rich, the most common of which is 
andalusite-rich. These fragments tend to be relatively equidimensional with rounded 
margins (plate 4.8d). They show affinities to, but are not identical in composition to, 
the Al-silicate-rich rigid fragments of Alit Guibhsachain; overall they contain a much 
higher proportion of andalusite and considerably less cordierite. Microscopically, 
andalusite in these fragments exhibits a skeletal habit (to be described in chapter 5). 
The matrix around the andalusite consists of cordierite porphyroblasts, feldspar, 
biotite and quartz. The amount of biotite varies considerably from sample to sample. 
Often the cordierite porphyroblasts are unusually free of inclusions and show very 
well defmed crystal outlines. It is not uncommon to observe euhedral cordierite faces 
projecting into interstitial quartz (plate 4.9a) particularly near the edge of the 
fragment. Melt crystallisation textures can be extremely abundant in some of the 
smaller andalusite-rich fragments (less than 4 or 5cm. in diameter). Quartz is 
invariably the interstitial phase, into which euhedral faces of cordierite and K-
feldspar project. 
Quartz-rich fragments are composed virtually completely of quartz. The 
grain-size of the quartz in these fragments varies from 0.01 to as much as 8mm. 
Boundaries between different crystals are generally lobate. Such fragments generally 
show a angular rectilinear shape (plate 4.8b) but can appear rounded occasionally. 
Cordierite-rich fragments exhibit a network texture similar to that described in 
the previous chapter, section 3.2.3. They exhibit a variety of shapes; some are quite 
rectilinear (plate 4.1c), but others show quite different shapes (plate 4.9c). Non-
rectilinear shapes are associated with fragments in which the usually roughly 
equidirnensional network is replaced by intensely elongate ovoids. 
At Ailt Guibhsachain, homfels fragments are almost invariably recti lincar 
with generally angular corners. In the Chaotic Zone, however, it can be seen that 
there is considerably more variation in the shape which apparently is related to the 
fragment or block composition. 
Matrix material. 
Matrix material can consist of any of the three types described in section 
4.3.1; laminated, granulose and granitic material. By far the most commonly 
observed is granulose. 
In situations where there is relatively little disorientation of the fragments 
(boudinage), generally foliation in granulose material is seen to curve passively 
around the fragments, see colour plate 4.2b. In these rocks the fragments are 
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PLATE 4.9 
9a. Thin section showing a well defined euhedral cordierite edge 
projecting into interstitial quartz. tpplJ Height of photograph = 1.5mm. 
Rock No. A36. 
9b. Quartz-rich fragment exhibiting a sharp, rectilinear outline. 
9c. Cordierite-rich fragment displaying a non-rectilinear morphology. 
Notice that the internal network structure is unusually elongated, implying 
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generally orientated with their lengths parallel to the dominant foliation direction in 
the rock. Foliation therefore, simply curves round the edges of the fragments, often 
increasing in thickness towards the spaces between the fragments. There is no major 
disruption of the continuity of the matrix foliation. Occasionally, foliae which are 
present in the spaces dwindle in thickness towards the fragments, eventually pinching 
out completely adjacent to the fragments. Where fragments are more randomly 
orientated, considerably more disruption of the matrix foliation is observed, 
particularly in the vicinity of the fragments. Colour plate 4.2c shows such a situation. 
Although in many instances the matrix exhibits an easily discernible foliation, 
particularly when larger fragments and blocks are concerned, it generally falls within 
the granulose sub-group. Laminated metasediment is not common as the matrix 
immediately adjacent to the fragments. More often it forms isolated areas between 
fragment-bearing granulose material. In instances where laminated material is found 
immediately adjacent to the fragments, it is in those situations where a boudin has 
simply been rotated relative to its parent layer (plate 4.2a). Often vein material, 
apparently relating to that forming pervasive veins, is present running around the 
edge of the rotated fragment, separating it from the adjacent laminated matrix 
material. 
Occasionally, in the very large-scale boudinage and breccia structures, the 
matrix between the blocks itself consists of breccia-related material. Granitic material 
also sometimes carries homfels fragments. This is seen rarely, but granitic material 
itself is rare. 
The contact between fragments and their surrounding matrix is usually sharp. 
It is not associated with any recognisable selvage or "halo" effect comparable to the 
rocks of Sgorr Dhearg. There is, however, the occasional occurrence of a fine-grained 
quartz-rich rim/boundary around fragments (see colour plate 4.2b). This rim consists 
simply of quartz-rich material exhibiting mosaic texture (section 4.3.2). Rarely the 
edge of a fragment is associated with evidence of mechanical disruption, with the 
apparent dislodgement of small pieces from the main body of the fragment (colour 
plate 4.2c). 
4.3.4. PENETRATIVE VEIN SYSTEMS. 
Pervasive veins. 
Pervasive veins are evident across the whole area. They consist of thin, 0.5-
2.0cm., reasonably straight veins which are continuous over large distances and often 
cover entire exposures. Veins continuously bifurcating and/or branching into 
numerous smaller off-shoots are commonly observed. In general, despite this constant 
branching a roughly consistent orientation is maintained (plate 4. IOa). In areas where 
the foliation is well-defined these veins take up two consistent orientations, one 
parallel to the foliation and the other at an oblique angle. Often veins come together 
and run adjacent to each other. 
In detail, the nature of these veins varies according to the nature of the rock 
through which they are cutting. In laminated rocks, veins tend to be thinner and 
possess sharp margins, whereas when cross-cutting more granulose rocks, veins are 
thicker and somewhat diffuse, having a gradational contact with the surrounding rock 
(plate 4.10b). Where boudinaged or brecciated rocks occur the veins are deflected 
around the fragment edge, often subsequently returning to their original orientation. 
They were not observed to cross-cut fragments. Occasional areas are noted in which 
the veins are more irregularly developed, often forming a confused network of 
randomly orientated branches. Such irregular developments tend to be restricted to 
isolated areas, generally within laminated material but occasionally within granulose 
material. 
Under the microscope these pervasive veins exhibit similar mineralogies and 
textural relationships to much of their surrounding host rock and, as a consequence, 
can be extremely difficult to distinguish in thin section. This is particularly true of the 
more diffuse veins passing through granulose rocks. In these instances veins have a 
slightly irregular, diffuse margin which further aggravates the difficulties in 
distinguishing vein from host rock. Grain-size in pervasive veins is typically 0.3-
0.4mm., thus slightly coarser than a laminated host rock but very similar to a 
granulose host. The mineralogy remains roughly consistent laterally along the veins 
with only small variations. Subhedral/rounded quartz is the main constituent along 
with subhedral/interstitial K-feldspar, plagioclase and large interstitial biotite crystals 
which are often chloritised. When otherwise indistinguishable, the presence of 
abundant hiotite marks the presence of the vein. Minor components include 
cordierite, andalusite and tourmaline. 
"Crack-like" veins. 
"Crack-like" veins are not as widespread as the pervasive veins and are only 
present as the igneous contact is approached. They first appear approximately 50111. 
from the contact. These veins are very straight and linear in nature and are obviously 
quite late stage; cross-cutting most of the above textures and structures, including 
pervasive veins (plate 4. lOc). 
In the field, these veins appear simply to consist of a straight crack or fractuie 
margined by a pale coloured alteration product in the adjacent wall rock. The width 
of this alteration zone varies according to the composition of the adjacent mater ial 
thicker alteration is associated with layers poorer in leucocratic components and can 
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PLATE 4. 10 
Wa. A set of thin veins are seen running across the rock at a roughly 
constant orientation, occasionally bifurcating and/or branching into 
numerous smaller off-shoots. 
lob. Hand specimen showing pervasive veins (appearing as upstanding 
ridges) cross-cutting a granulose rock and showing ill-defined margins. 
The veins in this instance are thicker than is typical of similar veins cross-
cutting more finely laminated rocks. Rock No. Al2. 
lOc. Straight. linear "crack-like" veins are seen running horizontally across 
the rock cross-cutting the vertical pervasive veins. 
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reach up to I .5cm. Similarly, under the microscope, these veins are marked more by 
the alteration of the adjacent mineral phases than by any recognisable set of new 
mineral grains forming a vein structure. The alteration of the adjacent phases is 
intense with chloritisation of biotite, and sericitisation and chioritisation of K-
feldspar. 
4.4. MELT FORMATION, DISTRIBUTION AND BEHAVIOUR. 
4.4.1. MELT CRYSTALLISATION. 
In section 4.3.2 textures were described which are considered to be indicative 
of crystallisation of silicate phases from melt. Quartz, K-feldspar, cordierite and 
biotite are the phases most commonly observed exhibiting these crystal relationships. 
Fig. 2.16 shows experimentally-derived phase relations for a ternary system 
including three of these phases (Schairer, 1954). Consideration of such a system 
allows the prediction of crystallisation paths for different bulk compositions. 
Crystallisation of an arbitrary initial melt composition will follow a path of 
crystallisation of one solid phase, followed by two solid phases (on a cotectic curve), 
and finally all three solid phases at the eutectic point. At the eutectic. new material of 
two phases may simply grow on crystals already present and the third phase may fill 
the gaps between the growing crystals of the two cotectic phases. The third phase, 
therefore, can form an interstitial phase whose shape roughly approximates the shape 
of the interstitial melt at this late stage of crystallisation. 
The variety of crystallisation sequences observed in the Chaotic Zone rocks 
does approximate the predicted behaviour given different starting compositions. On 
the basis of the simple system presented in fig. 2.16, the fact that cordierite is rarely 
seen as an interstitial phase could be related to the large size of the cordierite primary 
phase field i.e. for a large range of pelitic to semipelitic starting compositions 
cordierite will be the first phase to crystallise. Melting behaviour of pelitic rocks is 
not as simple as the above suggests. Many additional factors must be considered, such 
as the occurrence of incongruent melting reactions, and the resorption of phases as 
the system cools (Grant, 1985). In the more complex natural system, reaction may 
generate cordierite as a product of melting rather than melt crystallisation. 
Some layers do not conform so well with expected crystallisation behaviour. 
For instance, in the birnineralic layers mentioned in 4.3.2, the interstitial area around 
the rounded residual quartz crystals is occupied by just one phase; K-feldspar or 
cordierite. This would imply only K-feldspar or cordierite crystallised from the melt, 
and therefore, that the melt consisted of pure K-feldspar or pure cordierite. The 
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eutectic melt compositions of these systems should surely include a quartz 
component. The presence of andalusite exhibiting an interstitial habit implies that in 
certain zones the melt contained high amounts of dissolved A1 201. This is 
unexpected as the solubility of A1 203 in melt is thought to be very low (see chapter 
2). 
Discrepancies like those described above could be explained by diffusional 
processes operating within the melt phase during crystallisation which might alter its 
composition locally. This may lead to preferential crystallisation sites for particular 
phases, resulting in the final solid aggregate departing considerably from the original 
melt composition. 
4.4.2. DIFFUSIVE PROCESSES WITHIN THE MELT PHASE. 
Many of the rocks of this location contain large quantities of melt. The fact 
that a foliation parallel to the regional foliation is preserved in most cases suggests 
that physical "mixing" is not a major process. The physical properties of these melted 
zones will be considered more fully in section 4.5. For the purposes of the present 
discussion the melt phase itself is assumed to remain static but diffusion of 
components within it is possible. With large amounts of melt often present it seems 
reasonable to expect some communication, in the form of diffusive processes, 
between melt produced in one layer and melt produced in the adjacent layer. 
If the wetting angle of the melt is less than 600,  at any melt fraction the melt 
will theoretically form an interconnected phase throughout the entire body concerned 
(chapter 2) i.e. even large fluctuations in the melt fractions of adjacent layers will not 
cause the loss of contiguity of the melt phase. Fluctuations in the melt fractions i.e. 
the effective "porosity", across layer boundaries will presumably effect the ease at 
which such diffusion progresses by changing the volume of material through which 
diffusion can operate. If the wetting angle is more than 600,  then melt will tend to 
collect in isolated pockets between which communication will be more restricted. It is 
possible, given the appropriate conditions, that there is melt communication not only 
within, but also between the different rock types of the Chaotic Zone. 
Such conditions are most likely to be met in the granulose rocks where larger 
melt fractions (see next section) will allow extensive diffusive communication 
through the melt phase. Transitions between foliae will be associated with 
compositional variations in the melt phase related to the particular melting reactions 
forming the melt in that particular layer. The interconnectivity of the melt should 
allow diffusion of components across layer boundaries, leading to a smoothing of 
these compositional gradients. 
As well as the already existing compositional gradients described above, 
another driving force for diffusive processes could be the formation of compositional 
gradients around growing crystals. This is due to the presence of a zone of melt 
locally depleted in the required components immediately adjacent to the crystal. 
Compositional gradients will promote diffusion of the relevant components towards 
the crystal. Gradients produced in such a way are frequently alluded to in the study of 
cumulus piles in layered igneous intrusions( for instance, Tait and Kerr 1987). In 
these cases, resultant density changes are often also considered to trigger convection 
of the melt phase itself. Therefore, on cooling, as crystallisation of the melt is 
initiated, further diffusive gradients come into operation which will affect the final 
distribution of the solid phases throughout the rock. 
There are many factors which may influence the development of such 
processes. For example, how much compositional homogenisation has already 
occurred as a result of the initial compositional gradients inherently present in the 
melt i.e. to what degree are compositional differences preserved in adjacent bodies of 
melt? This will be dependent on the diffusive properties of the individual components 
in the melt. Therefore consideration of the identity of the diffusing components, and 
the relevant rates of diffusion is necessary in estimating distances over which 
diffusion will occur. The melt fractions of the layers in question will also require 
consideration as they will determine the degree of melt communication between 
layers. 
Assuming that compositional variation at peak melting is preserved to sonic 
extent in the interconnected melt phase, further factors related to this variation come 
into play:- 
the temperature at which crystallisation is initiated, and 
the identity of the first phase to crystallise. 
The compositions of the melts in different layers may lie within dii I elelit 
primary phase fields of a particular system. The melts may not only follow dilFetent 
crystallisation paths but start crystallising at different temperatures. If the first phases 
to crystallise in adjacent layers differ then the resultant diffusional gradients may 
result in movement of the relevant components through the melt and across the 
boundary between the layers in question. Continued growth will result in subsequent 
enrichment of each layer of the phase in question at the expense of the adjacent layer. 
The ultimate result of this process is segregation of the phases as crystal lisat ion 
proceeds. 
It must be borne in mind that changes in the composition of the melts in 
different layers due to the movement of components across layer boundaries will 
require changes in the compositions of the solid phases in those layers in order to 
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maintain local equilibrium. This may result in solid phases dissolving in the melt, or 
the crystallisation of additional phases. 
Fig. 4.2 illustrates schematically the development of the two rather different 
scenarios described above resulting from diffusive processes. Notice that the first 
scenario leads ultimately to the segregation of different solid phases into separate 
layers whereas the second scenario will ultimately produce homogeneity with respect 
to both the solid phases and the melt. Which of these two scenarios is dominant will 
depend largely on how quickly the solid phases re-equilibrate with the melt relative to 
the rate at which the melt composition is changing. 
Abundant petrographic evidence supports the the fact that such processes are 
active. Typical of the granulose rocks is the diffuse nature of the boundaries between 
foliae. This could be an example of the smoothing of compositional gradients likely 
to be a result of diffusive processes. The diffuse zones reach a maximum width of 
approximately 3cm thus implying that diffusion is only active over distances of a 
maximum of centimetres This is comparable with the scale of diffusion inferred in 
layered igneous rocks (Tait and Kerr, 1987). 
It is often observed that foliae are marked by the concentration of a particular 
mineral which is found to be poor in adjacent foliae. For example, there is often a 
complementary relationship observed between K-feldspar and plagioclase, with the 
concentration of K-feldspar into single, wide diffuse foliae between which are 
plagioclase-rich foliae. This relationship could be explained by the action of a 
diffusive gradient resulting in the segregation of the K-feldspar components in the 
melt towards a certain zone. These zones often coincide with recognisable foliae, but 
sometimes are developed within foliae as well. This phenomena may be an artifact of 
diffusional gradients being active within, as well as between, foliae. 
Such processes may also be active in laminated rocks, for example, the 
monomineralic K-feldspar layers. The extreme enrichment of K-feldspar may be due 
to a segregation of K-feldspar components in the melt in the same way as above. In 
this case the net result may be an accentuation of the overall layering present! 
The question now is to consider how much of the layering observed at the 
present time, in fact represents the original layering of the rock concerned. The 
original boundaries between layers may have been altered so thoroughly as to be now 
completely obscured. It may be difficult, therefore, to 'see through" the diffusion-
related modifications to the original composition of the layer and therefore make 
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4.4.3. ESTIMATING THE DEGREE OF MELTING. 
At sinail degrees of melting, the distribution of the melt phase is controlled by 
its angular relationships with the bounding crystalline phases (chapter 2). It has been 
shown that quartzofeldsapthic-type melts have a wetting angle of less than 600  and 
will therefore form a network of channels along grain boundaries (Jurewicz and 
Watson, 1985). Such a situation will prevail until the equilibrium melt fraction is 
exceeded. The equilibrium melt fraction for granitic liquids is 04% (Wickham, 
1987). Beyond this excess melt will collect in isolated pools surrounded by many 
grains. Such pools represent oversaturation of the rock concerned with respect to 
melt. This creates an undesirable increase in the overall energy of the system. Melt in 
these pools will therefore be extracted at the first opportunity in order to lower the 
energy of the system (Wickham, 1987). 
Microscopic evidence for the presence of very small amounts of melt may in 
fact be difficult to find, unless an identifiable pool of melt has collected and remained 
in situ to subsequently crystallise and form recognisable melt textures. If no melt 
extraction occurs, as melting advances, the spacing between residual crystals 
increases thus reducing the fractional area of solid-solid contact (Spera, 1980). At 
melting fractions of between 30 and 35% the critical melt fraction of the rock is 
exceeded (Van der Molen and Paterson, 1979). At this point the rock changes from a 
connected crystal framework containing interstitial melt, to a molten matrix 
containing a dense suspension of crystals. 
Ideally, it should be possible to estimate the fraction of melt formerly present 
in a rock by deducing the modal volume occupied by residual phases (rounded 
crystals, see section 4.3.2) and assuming that the remainder of the rock, the matrix 
around the residual crystals, therefore represents material which has subsequently 
crystallised from the melt. In section 4.3.2, problems were encountered in 
distinguishing residual material from that crystallising from the melt; these being 
mainly the formation of euhedral overgrowths on pre-existing crystals due to both 
incongruent melting reactions and crystallisation of new material from the melt. This 
obviously leads to difficulties in accurately estimating melt fractions in many of the 
Chaotic Zone rocks. By ignoring the possibility that the cores of certain phases may 
contain residual material, some rough estimation can be attempted. Although melt 
fractions calculated in this way are very probably larger than the true value, this does 
allow a rough estimation of the amount of melt present. 
The following text will consider the different components individually; 
broadly estimating the melt fraction present and also discussing time possible 
distribution of the melt throughout the body concerned. Modal analyses referred to 
are given in appendix 11. 
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Frap,ments. 
The brittle fragments contain the least evidence of melting. Melt-related 
phenomena are not, however, absent. There is much mesoscopic evidence of loss of 
competence in many of the fragments, for example intense folding, exotic shapes and 
lateral shearing. Such ductile behaviour could be promoted by the presence of melt 
(for further details of structural behaviour see section 4.5). Microscopic evidence in 
the form of melt crystallisation textures is found in many of the fragments (section 
4.3.3.). 
Although it is difficult to accurately estimate the amount of melt present in 
fragments, the presence of melt crystallisation textures at all suggests the one-time 
existence of at least sparsely distributed melt pools, thus implying that the 
equilibrium melt fraction (04%) had been exceeded. In some larger andalusite-rich 
fragments such pools would appear to be concentrated at the edge of the fragment i.e. 
up to 4% melt at the edges of fragments but less towards core. in the smaller 
andalusite-rich fragments, however, melt crystallisation textures are particularly 
abundant, and melt fractions may be larger and also distributed evenly throughout the 
fragment. 
Only a few of the cordierite-rich fragments show evidence of melt presence. 
This is seen as the presence of "collapsed" network (plate 4.9c), indicating that the 
critical melt fraction (30-35%) may have been exceeded in these rocks. In these 
fragments the melt would appear to be randomly distributed throughout the fragment, 
concentrated within the network structure (see also section 3.2.3). Quartz fragments 
show no evidence of melting at all, whilst in the laminated fragments, melt would 
appear to be confined to particular layers. The distribution of melt within laminated 
fragments shows many similarities to the distribution of melt in laminated matrix and 
a full description is therefore left for the next section. 
Laminated metasediment. 
Laminated metasediment generally exhibits well-developed metamorphic 
textures; many rocks exhibit equigranular polygonal crystal relationships 
(granuloblastic texture). 
An obvious melt phenomenon observed is the frequent occurrence of the 
coarser-grained layers. These layers exhibit mosaic texture (section 4.3.2) and could 
at one time have contained quite large quantities of melt. The rounded quartz crystals 
occupy approximately 50% of these layers. Assuming these crystals were at one time 
completely surrounded by melt (now represented by the fine-grained matrix), this 
gives melt fractions within these layers of about 50%. Further phenomena observed 
are monomineralic feldspathic layers which are similar to the feldspathic veins 
described in section 3.2.2. The very K-feldspar-enriched composition and 
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granuloblastic texture may be attributed to diffusive processes similar to those 
described in section 3.3.2 being active perpendicular to the layers. 
Other than these distinct layer types found within laminated bodies, evidence 
of melting is not widespread, although this may be due to extensive Ostwald ripening. 
Small patches in which quartz exhibits an interstitial habit are found, suggesting the 
presence of at least occasional small melt pools. Melt fractions exceeding the 
equilibrium melt fraction are therefore possible throughout the laminated rock. 
These rocks, therefore, consist of laminated bodies within which melt is 
unevenly distributed; high melt fractions being associated with a few particular 
layers, with the remaining laminations containing only small degrees of melt. Taken 
as a whole, a body of laminated rock containing occasional melt-rich layers may have 
a total melt content of perhaps 10-15%. The general lack of ductile behaviour (except 
in very small-scale instances, see colour plate 4.1b) indicates that in general melt 
fractions do not exceed the critical melt fraction of 30-35%. 
(Jranulose_metasediment. 
Estimation of melt content from modal analyses in layers exhibiting mosaic 
texture (assuming that all the subhedral -rounded quartz plus any andalusite present is 
residual and assuming all the matrix material was melt-related) gave melt fractions of 
between 60 and 70%. The amount of melt varies from layer to layer with some zones 
containing a higher proportion of residual phases than others. Some layers, on the 
basis of the extensive occurrence of melt crystallisation textures, appear to consist 
almost wholly of minerals having formed as part of a crystallisation sequence i.e. 
melt fractions approaching 100%. 
Grariulose rocks may therefore have consisted largely of residual crystals 
suspended within a melt phase. The generally even distribution of the rounded quartz 
crystals throughout particular foliae, other than occasional clustering, suggests that 
the crystals did not either sink or float within this melt phase. Approximate density 
calculations using the method of Bottinga and Weill (1970) and using partial molar 
volumes given by Nelson and Carmicheal (1979) give an estimated density range of 
between 2.60 and 2.65 for the silicate melt. These calculations were carried out using 
bulk rock analysis (see appendix HI) of rocks believed to contain very high melt 
fractions. 
Quartz has a density of 2.65 and might be expected therefore to remain 
suspended evenly throughout the melt. Andalusite has a density of between 3.13 and 
3.16 and should sink. Andalusite is found concentrated in elongate layers parallel to 
the foliation. This may simply be due to the position of a particular A1 20 3-rich layer 
in the unnielted rock rather than the result of crystals later sinking through the melt 
phase. It must be borne in mind that high melt viscosities (see next section) will also 
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influence the likelihood of crystals settling processes. K-feldspar, albite and cordieiite 
have densities of 2.55, 2.63 and 2.53-2.78 respectively (Deer, Howie and Zussinan, 
1966). Assuming an intermediate cordierite composition, it might be expected that 
these phases, with the exception of K-feldspar, would also remain suspended within 
the melt phase if present as residual phases. 
It would appear that, even given that some of the euhedral phases proposed to 
have crystallised from the melt may contain cores which were residual material, it 
may be reasonable to estimate that in these granulose rocks, many of the foliae 
contain melt fractions exceeding 30-35%. This is additionally supported by the 
general ductile behaviour exhibited by this material, which implies that the critical 
melt fraction was exceeded (see section 4.5.1.). Other zones more reminiscent of 
laminated metasedijuent, not exhibiting mosaic textures or abundant melt 
crystallisation textures, do not show evidence of such high melt fractions. 
Granitic material. 
The crystal textures in this material invariably appear to be melt 
crystallisation textures. It is hard to find any phases which show properties likely to 
be characteristic of residual phases. This material thus appears to have been 1007 
silicate melt, and in this case the estimate is perhaps not badly affected by the 
uncertainties noted at the beginning of this section. 
4.5. STRUCTURAL DEVELOPMENT/CONSEQUENCES. 
The presence of melt in a rock reduces its strength by reducing the fractional 
area of solid-solid contact (Spera, 1980). Melting beyond 30-35% exceeds the critical 
melt fraction of most rocks as mentioned in the previous section. At this point the 
rock changes from a crystal framework to a dense suspension. This obviously has a 
profound effect on the physical properties of the material concerned. 
As mentioned in section 4.4.3, in some of the granulose rocks rough estimates 
give melt fractions of approaching 70% and are thus largely silicate melt in which 
residual crystals are suspended. The laminated rocks, however, contain evidence of 
only small amounts of melt. Differential amounts of melting in adjacent layers or 
rock bodies leads to pore fluid (melt) pressure and competency contrasts across these 
layers. This results in hydraulic fracturing processes and disruption of the more 
competent layers. To discuss the rocks of this location more fully it is necessary to 
look more closely at the different types of rock present in terms of how much melt 
they contain and how this is effecting their responses to stress. 
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The first part of the following discussion will deal with the structural 
properties and behaviour of the different rock types and the last part will deal with the 
morphology of the resultant structures. 
4.5.1. STRUCTURAL BEHAVIOUR. 
Fragments exhibit the least evidence of melt presence (see previous section) 
and are therefore relatively rigid bodies. Their presence is thought due to the fracture 
of more competent layers in the original metasediment. Some fragments contain 
higher melt fractions and this may lead to local losses in competence and hence 
features attributable to increased ductility. For instance, the cordierite fragments in 
which the network has "collapsed" (plate 4.9c) allowing ductile movement and the 
formation of non-rectilinear shapes. 
The smeared-out S-shaped/sigmoidal appearance shown by some laminated 
fragments (plate 4.8a) could also be due to ductile shearing processes. In these 
fragments, lateral movement could be focussed along internal planes in which there is 
a high melt fraction and increased ductility i.e. shearing is facilitated by the presence 
of partially melted laminations acting as ductile "lubricating" layers. This is a similar 
process as is envisaged to occur in laminated matrix material. However, in laminated 
matrix material it is thought to be much more important as the frequency of these 
layers is considerably greater. 
In laminated metasediment K-feldspar-rich layers and the coarser-grained 
layers represent areas which were thought once to consist largely of melt and 
therefore easily capable of ductile flow. Increased mobility is supported by the 
common lateral movement of such material into the hinges of the small rootless folds 
(colour plate 4.1b). Given the right conditions, differential shearing movement of the 
bounding layers either side of the coarse-grained layer could be facilitated by 
movement of material within the coarse-grained layer i.e. these layers form 
"lubricating" layers, acting as small shear zones. 
It is conceivable that the more rigid layers might "stick" occasionally and this 
is seen in the formation of tiny drag folds adjacent to the coarse-grained layers 
(colour plate 4.1b) often simply marked by the local disruption of biotite laths and 
also the larger rootless folds themselves. Such folds always show the same sense of 
movement. Often large rootless folds are accompanied by failure of the adjacent more 
rigid layers which are no longer capable of sustaining the differential movement and 
low angle shears are formed. High angle fractures are also observed which are 
possibly due to hydraulic fracturing in areas of greater competence. 
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The presence of "lubricating" layers, along with increased ductility in many of the 
adjacent layers which may also contain small amounts of melt, implies that laminated 
bodies may be capable of considerable movements. In colour plate 4. lb it is possible to 
estimate a differential movement of at least 5cm. just within the area of the sample itself 
with relatively little disturbance of the laminar fabric other than adjacent to the shear 
zones. 
Microscopic evidence in granulose rocks suggests that the critical melt fraction 
was exceeded in many of the diffuse foliae. Many of these rocks were little more than 
layers of crystal-melt suspensions side by side, differing only in the concentration of 
crystals. Layers with low melt fractions may have been interspersed among these 
suspensions. 
It is possible to estimate the physical properties of the high melt fraction foliae. 
The viscosity of a silicate magma can be calculated from the chemical components of the 
melt (Bottinga and Weill, 1972). For crystal contents up to 25% a melt suspension may 
be considered equivalent to a crystal-free silicate magma (Wickham, 1987). For crystal 
contents more than 25% the suspension can no longer adhere to ideal Newtonian 
behaviour and starts to behave non-ideally, as a Bingham fluid (a certain yield stress 
must be overcome before flow can occur). Assuming ideal behaviour, the calculated 
viscosities of a granulose and a granitic sample are 108  to  1013  poise respectively. The 
viscosities of suspensions with high crystal contents are more difficult to approximate 
(McBimey and Murase, 1984). For the purposes of this study, a very rough 
approximation was attempted using the relation given by Roscoe (1952) i.e. 
'l effective ='lfluid (14.35C)25 
where I effective is the viscosity of the crystal/melt suspension (poise), Qfluid is 
the viscosity of the silicate fluid (poise), and C is the volume fraction crystals. Taking an 
intermediate viscosity of 1010.5  for the silicate fluid, and a range of crystal fractions, 0.4 
to 0.7, the calculated viscosities were 2.2x10 11 and 4.5x10 13 poise respectively. The 
addition of water will significantly reduce these viscosities. For instance, the addition of 
lOwt.% water can reduce the viscosity of a magmatic liquid by up to 4 orders of 
magnitude (McBirney, 1984). Water, however, is unlikely to have been present in large 
enough quantities at Ballachulish (section 2.3.2)to significantly alter the viscosities given 
above. 
These suspensions were therefore very viscous. Physical mixing would have been 
limited, not only because individual foliae were very viscous, but also because variations 
in viscosity, density and crystal content would impede any possible mixing process 
(McBirney, 1980). Different foliae, therefore, have largely retained their individual 
identities. Thus, it is likely that movement of these suspensions would have been limited, 
given that not only were they extremely viscous viscous but that a finite yield stress had 
to be exceeded before movement could occur. 
However, limited flow of material in these foliae did occur. The common 
occurence of disruption and rotation of the low melt fraction layers (rotated "islands", see 
section 4.3. 1) surrounded by granulose foliae suggests some differential movement of the 
crystal-melt suspensions. Also, the common occurrence of lateral variations in 
thicknesses in the laminar zones suggests lateral movement of material within the zones. 
Microscopic evidence of mechanical movement within the suspensions is observed. This 
is found in the form of andalusite clusters which would appear to represent the 
mechanical disruption of larger andalusite prisms (plate 4.7b). It was noted that in most 
cases the andalusite clusters remain confined by the boundaries of the layers and are 
often elongate parallel to the layers. 
The rounded quartz crystals are interpreted as residual in nature and it might be 
expected that they would show some evidence of such movements in their host material. 
However no specific patterns were observed e.g. concentrations of crystals in streaks 
parallel to some direction of movement. It was however apparent that the crystals were 
not evenly spread throughout the zones and perhaps this may imply local movements. 
The fact that to a large extent the laminar fabric is preserved suggests that any 
mechanical shearing or movement occurring is not acting across layers but parallel to 
them. This is supported by the fact that the larger andalusite prisms are often orientated 
parallel to the foliation. In less melted rocks prisms are randomly orientated. The 
implication is that lateral movements have caused rotation of the prisms, occasionally 
accompanied by mechanical fracture. 
The granitic material is thought from microscopic evidence to represent wholly 
melted material. It should therefore show the physical properties of a silicate liquid. The 
composition of this granitic material implies that it would have had the highly viscous 
properties of a granitic magma. The calculated viscosities he towards the more viscous 
end of the range i.e. 1013  poise. 
The very high viscosities of the melt as described throughout this section explain 
the general lack of segregation of melt from the associated residual material. High 
viscosities will tend to impede segregation even though the melt forms an interconnected 
network through which segregation would be facilitated (Wickham, 1987). 
4.5.2. THE MORPHOLOGY OF THE RESULTANT STRUCTURES. 
The differential build-up of melt in the different rock types of this location would 
suggest that hydraulic fracturing might be a major cause of the disruption, in much the 
same way as in less extensively melted rocks. A body of rock with a high melt fraction 
situated adjacent to a more refractory layer will result in a high fluid pressure acting 
across the layers. This will result in the boudinage of the more 
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competent layer. The large change in local stress distribution resulting from 
boudinage fracturing will cause localised melt flow (Wickham, 1987). 
in the Chaotic Zone the different rock types develop differing amounts of melt 
and also show differing forms of structural behaviour. These variations will all 
contribute to the morphological evolution of the rocks. As mentioned before, 
boudinage and breccia structures are particularly common and themselves show 
considerable variation. This is seen as diversity in the nature of the matrix material, 
the amount of disruption of the fragments, and variation in the size, shape and 
concentration of the fragments. As well as boudinage and breccia structures, other 
disruptive features are observed e.g. small-scale folding and shearing. These 
additional features will be discussed briefly at the end of this section, as will the 
formation of the penetrative vein systems. 
Boudinage and breccia structures. 
Nature of the matrix material. 
The most common matrix material enclosing rigid hornfels fragments is 
granulose. Granulose metasediment had a very high melt fraction and it is thus to be 
expected that it formed the common matrix material. The high internal melt fractions 
will result in these rocks exerting a high fluid pressure on refractory layers adjacent to 
or interspersed within them. This will result in boudinage of these more refractory 
layers and the formation of boudinage and breccia structures. 
In much of the granulose material the critical melt fraction had been 
exceeded. The stress regime following hydraulic fracture, by exceeding the yield 
stress, will cause the granulose material to flow as a crystal/melt mush into the spaces 
between the resultant boudins. In detail, the granulose material consists of many 
constituent layers, all with individual melt fractions and associated viscosities. Certain 
layers will flow more easily into the spaces between boudins than others, based on 
slightly different responses to any applied stress. Some layers might simply stretch 
and defonii. This leads to the frequently observed irregularities in the detailed fabric 
of the granulose matrix material. 
In many cases, where there has been little disorientation of the houdiiis 
relative to each other, the laminar fabric is preserved with simply local thickening of 
the layers adjacent to the gaps. In these cases, lateral movement of material within the 
layers may have occurred to locally thicken the zones in response to the formation of 
the associated pressure minima. In other words, movement of material within certain 
more ductile layers is occurring laterally while remaining confined to the layer. This 
lateral movement is supported by petrological evidence, which suggests mechanical 
movement was often confined to the plane of the zones rather than across them. Such 
lateral movement might occur at different rates in different zones, as a result of 
differences in viscosity. Particularly ductile layers might move more rapidly than 
adjacent, more viscous, layers. This might lead to these more ductile layers being 
"squeezed" completely into the spaces between boudins, thus explaining the 
occasional presence of discontinuous layers which occur onJy within the gap itself 
and not adjacent to the boudins. 
In cases where there has been disorientation of the fragments relative to each 
other, it is often reflected in severe disruption of the laniinar fabric. The observed 
confusion is perhaps what one would expect on mobilisation of a body of granulose 
material with an inherent laminar fabric. Intuitively one might expect the laminar 
fabric to be disturbed. Such movements of mobile granulose material adjacent to the 
boudins might cause the rotation and displacement of boudins. 
The amount of disruption of the internal laminar fabric of the matrix is related 
therefore to the distance over which it is necessary to travel to fill the gaps between 
the boudins. Only where minor movement of the mobile material is required to fill 
the spaces between boud ins is it probable that lateral thickening is the only response 
to fracturing. This might correspond to instances when the houdinaged layer is 
relatively thin or elongate, and the fragments are separated by a comparatively large 
distance. 
The resultant matrix structure is a function not only of the magnitude and type 
of movement required to fill the gap between boudins but also the internal properties 
of the layers contained within, in the particularly large-scale breccia structures ihe 
matrix material shows some variation; laminated, granulose or even mobilised small-
scale breccia material. The more material required to fill a space the more variation 
likely to be observed in the character of the in-filling material. 
It was noted above that occasionally mobilised breccia in-fills spaces. The 
fracturing of very thick bodies of rock will require considerably larger pressure 
gradients than the smaller-scale equivalents and therefore probably develop later in 
the melting evolution. Material thus mobilised to infill the gaps between the produced 
blocks might include earlier formed small-scale breccias. 
Disorientation offragments. 
The amount of observed disruption is related to movements within the matrix. 
In boudinage structures where there is little disruption of the fragments the laminar 
fabric of the matrix simply flows around the fragments, implying that the main 
infilling mechanism involves local thicken)iing of the layers. Furthermore, the 
boudins do not appear to have been displaced significantly from their original 
regional orientations. 
In contrast, in breccias where there is much disruption of fragments, the 
matrix shows a corresponding complex internal fabric. In these structures there is no 
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tendency for fragments to retain an orientation related to regional layering, it is noted, 
however, that the breccia zones as a whole are orientated parallel to the regional 
layering, implying that the disruption force is locally derived, and not found on a 
regional scale. 
Nature offragrnents. 
The size of the fragments will simply be related to the thickness of the layer 
which has been boudinaged. In the Chaotic Zone a boudin can consist of anything 
from a single lamination (millimetres) to a considerably sized body of metasedinietu 
(tens of centimetres). The thickness of the original layer will thus control the size of 
the fragment. Other properties of the original layers will control the final nature of the 
fragments. The fmal shape of the fragment is in fact controlled by a number of 
parameters:- 
the composition of the fragment, 
the internal melt fraction, 
the external (matrix) melt fraction. 
It was noted that certain fragment shapes were associated with certain 
compositions. For example laminated fragments were generally elongate rectilinear 
shapes whereas andalusite-rich fragments frequently exhibited a rounded outline. The 
spacing of the fractures, hence the lengths of resultant boudins will be influenced by 
the amount of expansion in the melt-producing versus the melt-poor layers, and also 
the inherent properties of the layer undergoing fracture. Such inherent properties 
might include the mineralogy, internal fabric melt fraction, etc. 
In order for boudins to have been formed the layers have obviously behaved 
in brittle fashion i.e. the critical melt fraction had not been exceeded. Once the critical 
melt fraction has been exceeded layers simply stretch and deform in response to 
stress, rather than actually fracturing. (This type of phenomerknis seen in the internal 
fabric of the granulose rocks as the frequent occurence of lateral discontinuities and 
changes in thickness of many of the laminar zones). 
Many fragments exhibit some ductile behaviour. These fragments are 
nevertheless still discrete bodies, thus indicating that fracturing had occurred. Once 
fragments are formed and contain relatively high internal melt fractions, movements 
in the surrounding matrix could later trigger shearing and/or the formation of exotic 
shapes in the fragments. 
In some instances the matrix itself is very competent and in these instances 
the strength of the matrix may ZLffect the fragments contained within. For instance, the 
frequently observed rounding of corners in many of the fragment types could he 
explained by the abrasive action of an extremely competent matrix on the edges of 
fragments leading to a mechanical rounding of corners and irregular outlines. 'l'liis 
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mechanical disturbance is further supported by the occasional occurrence of the 
dislodgement of small boudins from the main fragment. 
Final moiphologies. 
Many of the final morphologies are simply related to the relative amounts of 
material of differing structural properties at the time of hydraulic fracturing. If only 
sparse refractory layers are present interpersed with large volumes of melt-rich 
material, the resultant structure will contain a low fragment content. In contrast, small 
volumes of iiielt-nch material associated with many refractory layers will produce a 
high fragment content. 
The size of the structures is simply related to the thicknesses of the layers 
involved. In this extensively melted location very large-scale features are produced 
when very thick bodies of rock are occasionally affected by the fracturing process. 
This is a result of the much more extensive scale of melting in this location. The 
magnitude of some of the resultant pressure gradients leads to considerable amounts 
of material being affected and also considerable resultant mobilisation. 
Other deformation features. 
There are defonnation features formed which are neither boudinage vor 
breccia-related. These structures are irregular folding, shearing and instances in 
which bodies of rock are seen to truncate against each other. 
The lubricating" layers, referred to in section 4.5.1, in the fonn of thin high 
melt fraction layers, found within much of the laminated metaseditnent of the 
location will represent planes of weakness making the rock more vulnerable to all  
applied stress. Any movements can be focussed in the high melt fraction layers. 
increasing the likelihood of defonnation such as folding. Thus the conunun 
occurrence of intensely folded areas can conceivably represent an area of rock 
suffering from local losses in competence in the way described above. 
Shearing is another example of a possible consequence of the presence of high 
melt fraction layers, the layers in this case acting as shear planes. 11is is frequently 
seen on a small-scale and if also occuring on a scale of metres might explain the low 
angle truncations of one body of rock on another. These low angle truncations might 
therefore simply represent low angle shear zones. 
Many of these structures are formed as a direct consequence of the increased 
ductility of these rocks with the onset of partial melting. Conditions may not always 
be such that hydraulic fracturing will occur, but differential stress regimes will 
nevertheless be unavoidable in rocks as partial melting evolves. Additionally, bodies 
of rock which are situated adjacent to rocks in which hydraulic fracturing is occurring 
will he affected by the locally produced stress regime associated by the fracturing. 
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Granitic material. 
It is unlikely that any original layers were of a composition that would melt 
completely. This granitic material, therefore, is unlikely to represent a single layer. It 
could, however, represent melt which has segregated from the surrounding, highly 
melted rocks; this is supported by the frequently observed abrupt contact between ii 
and the adjacent material, and the occasionally observed cross-cutting relationships. 
Penetrative Vein Systems. 
Pervasive veins. 
These veins form an interconnected system throughout the entire location. 
They are observed never to cross-cut houdins, but are always deflected around their 
margin. ilie veins must therefore post-date the hydraulic fracturing and fomi at a late 
stage in the melt evolution. 
It has been argued that extensive melting (up to 70% in some cases) has 
occurred in this location. As these rocks cooled and crystallised, there must have been 
an associated decrease in volume. This contraction on cooling may have caused late 
stage melt to be "squeezed" from the rock. As late stage melts, they will contain a 
higher water content, resulting in a lower viscosity and hence flow more easily. This 
would also explain the often close resemblance between the veins and the material 
through which they cross-cut. The melt need never travel very far along the vein as it 
will be continually replenished laterally as it moves through the melted rocks. This is 
supported by the common occurrence of thin branches feeding into the veins from the 
surrounding rock. The patches showing irregular development of the veins might also 
be explained in this way. The melt forced out of the rock in such a way will leave via 
a vein system, the nature of which will be controlled by the structural properties of 
the rock through which it must travel. 
The most common orientation is oblique to the layering. This is presumably in 
response to some external control, perhaps related to how the contraction process 
affects the rock volume as a whole. Differential rates of contraction in different areas 
will have a profound effect on any related fracturing. Veins are seen also to 
frequently lie parallel to the layering, in these instances the layering itself is imposing 
a control on the fonu of the veins. 
The fact that, at peak melting, the rocks occupied a larger total volume, also 
explains other phenomena. For instance the rotation of large boudins relative to their 
parent layer e.g. plate 4.2a. The block in plate 4.2a has an approximately square 
shape, for rotation to have been possible there must have been a large melt-filled 
space available to facilitate the diagonal length of the square as it rotated. Once 
rotation was completed, cooling and contraction have caused this melt to be expelled 
142 
from the iimnediate vicinity of the boudin, leaving just the observed pervasive veins 
to mark its one-time presence. 
"Crack-like" veins. 
These veins are restricted in occurrence to rocks close to the igneous contact. 
It would appear therefore that they probably originate n the igneous complex. 
They show a cross-cutting relationship with the all the proposed melt-related 
structures, and furthermore their very straight morphology implies that they were 
formed at a stage when the host rocks were more or less completely solidified. The 
veins thus post-date the melting completely. They could be related to the phase 11 
granite of the intrusive igneous complex which was observed to cross-cut the melt 
structures of the Sgorr Dhearg metasedimentary block (section 3.3.2.) dating it after 
the melting had occurred at that location. 
It would appear that the initiation of these veins consisted of the fonnat ion of 
straight cracks. Some form of volatile-rich fluid then travelled along these cracks. 
There is no remnant of this fluid in the cracks now, the only indication of its one-lime 
presencetxtlie very severe alteration of the minerals of the adjacent wall rock. This 
alteration generally involves the hydration of the minerals concerned. 
4.6. SUMMARY AND COMPARISON WITH LESS EXTENSIVELY 
MELTED ROCKS. 
The properties of the Chaotic Zone rocks are summarised in table 4.1. 
Leven Schist localities elsewhere in the aureole, outwith the melting zone, 
consist of layered and finely laminated, schistose rocks. It is reasonable to assume, 
that prior to melting, the Chaotic Zone consisted of such rock. The rocks of time 
Chaotic Zone now, however, fall into various petrological groups, some of which are 
considerably changed with respect to the original rock. Much of the zone consists of 
foliated inetasedimentary material falling into three main groups; laminated, 
granulose and granitic. Certain areas of the location exhibit disruptive features such 
as brecciation. The matrix material of these breccias comprises mobilised and 
variably foliated metaseditrient of some form, whereas the fragments show various 
compositions, none of which fall into the above groups. 
The differing petrological characters of the above groups may be due largely 
to differing degrees of melting (as well as variations in the character of the rock prior 
to melting). A rock, having initially consisted completely of finely layered material, 
and subsequently undergoing melting to differing degrees, might 
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TABLE 4. 1. SUMMARY OF THE PROPERTIES OF THE PARTIALLY MELTED ROCKS OF THE CHAOTIC ZONE. 
GROUPS COMPONENTS ESTIMATED STRUCTURAL 
MELT PROPERTIES 
FRACTION 
HORNFELS 	 I Laminated —10% Generally 
FRAGMENTS Quartz-rich None rigid unless 
Andalusite-rich —4% an unusually 
Cordierite-rich —10% high melt 
fraction. 
LAMINATED Laminated hornfels. 10-15% Presence of 
METASEDIMENT Monomineralic "lubricating" 
K-feldspar-rich layers layers results in 
Coarse-grained layers lowering 
competence 
GRANULOSE Foliae of varying 60-70% Crystal-melt 
METASEDIMENT mineralogical suspensions 
composition with high 
viscosity 
GRANITIC --- 100% Silicate liquid 
MATERIAL with high 
viscosity 
TABLE 4. 1. (continued) 
PERVASIVE 	 100% 
VEINS 
"CRACK-LIKE" 	(Marked only by alteration of the adjacent mineral grains. 
VEINS 	 The properties are therefore difficult to determine) 
High water content 
leads to lowered 
viscosity 
conceivably produce the different petrological groups described above. The possible 
controls on the degree of melting in particular layers include:- 
a). a compositional control; some layers are of a more compatible melting 
composition, or, 
h). more fluid was available in some layers than others. 
Both of these factors are influenced by the original layering present in the 
Leven Schist. Such layering involves mineralogical variation, thus controlling the 
melting reactions, the amount of internally-derived fluid and the extent of melting in 
any particular layer. The layering might also dictate the path which any infiltrating 
fluid will follow. (The source and distribution of fluid in the aureole is investigated as 
part of a stable isotope study of these rocks, see chapter 8). Therefore, the overall 
framework indirectly controlling the distribution of high and low melt fractions in the 
rock layers is provided by the original compositional layering of the Leven Schist. It 
is observed that, to a large extent, the foliation in laminated and the granulose 
metasediment remains consistent with the regional foliation. Furthermore, 
recognisable breccia zones and boudinage strings are always orientated parallel to the 
regional trends, therefore illustrating the regional control on the development of 
subsequent structures. The general implication is that disruption of the original 
compositional layering in the schists of this location is, in fact, not as extensive as 
first thought, and it is only on a local scale that the sometimes extreme development 
of brecciation gives the impression of chaos. 
There are many similarities and differences between the less extensively 
melted rocks of Alit Giubhsachain and Sgorr Dhearg, and the highly melted Chaotic 
Zone rocks. In both situations the differential build-up of melt in adjacent layers has 
led to hydraulic fracturing. The scale of the structures developed in the extensively 
melted rocks is considerably larger, but the morphological form of the structures 
produced in all the locations is remarkably similar. A major difference is the nature of 
the material which is mobilised to fill the spaces between disrupted boudins. The 
large degrees of melt present in the Chaotic Zone have exceeded the critical melt 
fraction of some layers. With the formation of stress regimes associated with 
hydraulic fracturing the yield stress of these layers is exceeded causing flow of both 
the melt and the residual crystals contained within. In contrast, in the less extensively 
melted rocks, the formation of these stress gradients results in melt contained within 
the adjacent layers being forced out through the crystal framework into the spaces 
between boudins i.e. the melt itself is mobile, but the residual crystal framework 
remain stationary. In summary, the differing degrees of melting are leading to 
differing structural responses to applied stress. Other minor differences in the types of 
structures observed in different areas are related to the wider range of rheological 
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properties shown by more extensively melted rocks, as compared to areas melted to a 
lesser degree. 
4.7. OTHER LOCATIONS OF INTEREST AROUND THE AUREOLE. 
In chapter 3, and the present chapter so far, three particular locations have 
been described in some detail. Some of the types of melt-related features observed at 
these locations are found at other high-grade pelitic and semi-pelitic locations in the 
aureole, and have been described also by other authors (Platten,.rcôm Pattison, 
1985; Harte et al, ni press). A particularly notable area is Coire Chaorann, situated to 
the SE of the igneous complex. Other locations include Kentallen, and Duror. The 
positions of these locations are shown in fig. 3.1. This section will provide a brief 
summary of the main features observed at Coire Chaorann and attempt to classify 
them within the framework developed so far, summarised in table 3.2 and 4.1. 
Studies by Platten, 1983, and pers. comm., include description of Coire Chaorann in 
some detail. 
Platten notes the occurrence of numerous small and large-scale folds in a zone 
about 50m. from the igneous contact. These folds are associated with the presence of 
boudinage and breccia-related structures, concentrated particularly in the axial plane 
area and the hinge nearer to the igneous contact. Many of the features described in 
Plattens study are directly comparable to features described in the preceding two 
chapters. Occurring within the fold structures he describes the appearance of short I - 
2mm. wide veins cross-cutting layers, forming boudinage structures. lie also notes 
the occurrence of patches and veins of breccia concentrated in the axial plane regions 
of the folds and in the limbs closer to the igneous contact. The cross-cutting vein-fill 
material amid the breccia matrix consist of what lie refers to as microgranite. lime 
small-scale morphology of these structures would appear to closely resemble those 
described from Alit Giuhhsachain. it appears therefore that boudinage/breccia-related 
structures comprise similar features as outlined in table 3.2. Plate 4.1 Ia and b are 
pictures taken by the present author of typical boudinage and breccia structures 
observed at this location. 
The direct association of these structures with the development of folding on a 
scale of tens of metres as described by Platten was not clear to the author and is a 
phenomenmnot observed at the locations described in the chapter 3, and this chapter 
so far. Platten attributes the mechanism of folding to buckling of more competent 
layers under their own weight on becoming unsupported by adjacent partially melted 
material. Folds of these types were not observed at AlIt Guibhsachain, or indeed at 
the Chaotic Zone. 
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PLATE 4.11 
II a. Occasional short leucosomes are seen (particularly at lop of 
photograph) cross-cutting finely layered metasediment at approximately 
right angles to the layering forming a boudinage structure. At the right 
hand side of the picture some Continuous feldspathic veins are observed 
running slightly obliquely to the layering, and on the left hand side a single 
such vein cuts across a thicker layer. The thicker light-coloured structure 
running parallel to the foliation in the centre is a quartzite layer. 
I I h. An irregularly-shaped breccia patch comprising small homfels 
fragments within an homogenous matrix material, is seen culling across 
the layering of the adjacent rock. 
ii c. Set of small-scale veins with a sinuous morphology which would 
appear to be related to dilatation parallel to the layering. These veins 
cross-cut more than one layer and are positioned very close to one another 
laterally resulting in short boudins; both of these properties coupled with 
the very sinuous morphology distinguish these veins from the cross-cutting 
leucosome.s associated with the boudinage structures described in chapter 
3. 
I Id. Some thick parallel-orientated veins are seen running almost 
vertically up the outcrop, ibis fracture system also exhibits an oblique 
shear component. Well-defined tension gashes are observed between the 
main fractures indicating the direction of slip. Smaller veinlets are seen 
connecting with the tension gashes and showing similar orientations. 
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12a. Hand specimen in which small-scale veiniets at random orientations 
have fornied in the matrix of the just visible network structure. Rock No. 
88.112. 
12b. Discontinuous leucosomes are observed elongate in a direction 
consistent with external metasedimentary layering. Connecting with these 
leucosome are tiny veinlets in the surrounding homfels. Rock No. 
88.109B. 
12c. A set of pervasive veins comparable to those described at the Chaotic 
Zone. 
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Another phenomenon observed at this location by Piatten (pers. comm.) and 
by the present author is the development of vein systems which show strong evidence 
of structural control. In plate 4.l lc it can be seen that there has been dilatation 
parallel to the metasedimentary layering with the formation of small fractures filled 
with leucocratic material orientated at a high angle to the layers. These fractures, 
unlike in the boudinage structures cross-cut more than one layer. The 
quartzofeldspathic material filling the fractures appears to have been locally derived. 
Also observed, are fractures which exhibit an oblique shear component (see plate 
4.11d). In this figure tension gashes are observed between the main fractures 
indicating direction of slip (marked on figure). 
Discrete leucosomes and small-scale network features are also evident at this 
location (see plate 4.12a and b Instances where very small-scale veinlets and larger 
discontinuous and continuous leucosomes connect with each other are particularly 
well developed at this location. Transitions between these larger discrete leucosoines 
and boudinage and breccia structures are also observed at this location. 
Overall, leucocratic features observed at this location resemble more closely 
the melt-related features found in the less extensively melted rocks at Alit 
Guihsachain (summarised in table 3.2) than those of more extensively melted rocks 
(see table 4.1). However, also noted at Coire Chaorann are the occurrence of pervasive 
veins comparable to those found in the Chaotic Zone (see plate 4.1 2c)The presence 
of these veins would indicate that the degree of melting at this location, although not 
as extensive as the Chaotic Zone, is perhaps slightly higher than at Alit Guihhsachaiii, 
a location at which such penetrative vein systems were absent. 
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CHAPTER 5. THE, HABITS OF CORDI I;RiFE AND 
AINI)ALUSITE AT I)II'FIRE!NI' (,RAI)ES. 
5.1. INTRODUCTION. 
During petrographic study of the partially melted rocks it became apparent 
that certain mineral phases, notably cordierite and andalusite, exhibited a number of 
distinct and sometimes unusual crystal features. Thin sections from rocks collected by 
the author (high grade rocks), and thin sections from the Pattison collection (covering 
the whole aureole) were studied. These features were then catalogued in an attempt to 
constrain their geographical distribution, and detennine if any are associated with 
melting. 
5.2. CORD1ERITE. 
Crystal habits shown by cordierite in the aureole rocks can be divided into two 
broad groups: a porphyroblastic habit and a stubby subhedral to euhedral habit. The 
most common habit in the aureole as a whole is porphyroblastic. Stubby cordierite is 
very common in partially melted rocks which show evidence of very high degrees of 
melting. 
5.2.1. PORPHYROBLAST1C CORDIERITE. 
Poiphyroblastic cordierite makes its first appearance at the zone 1/11 boundary 
via reaction 1 (Patlison, 1985; Partison and Harte, 1985). A summary of the reactions 
occurring in the aureole is given in table 2.2. Initially it forms small elongate 
porphyroblasts, often full of minute inclusions. Many of the subsequent zones 
reactions are also marked by the production of cordierite: reactions 2b, 4a, and 6. As 
the contact is approached, porphyroblasts become larger and more abundant in layers 
of an appropriate composition and some high-grade hornfels layers consist almost 
wholly of interlocking porphyroblasts of cordierite. 
Detailed study of this porphyroblastic cordierite reveals that more than one 
morphology is displayed. The simplest morphology is that of a simple, ovoid 
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porphyroblast which is also poikiloblastic (see plate 5.1a). These crystals with 
roughly ovoid outlines are generally orientated parallel to the inetasedimeniary 
layering and have many inclusions of the phases comprising the matrix external to the 
crystal. Often the crystals are so full of inclusions that the volume occupied by 
cordierite itself is, in fact, quite small. These poikiloblasts range in length from less 
than a millimetre at low grades, marking the first appearance of cordierite, to as much 
as 2.0cm at higher grades. 
At higher grades, above the zone V boundary, another morphology is shown 
in which the outer edge of the cordierite crystal is extremely cuspate (see plate 5.1b), 
and the outline of the crystal extremely irregular. The cordierite itself, although 
intimately intergrown with the matrix material, is relatively free of the smaller 
inclusions typical of lower grades. In some instances this porphyroblast type simply 
forms small anhedral patches (plate 5.1c) which are optically continuous. Sometimes 
such anhedral patches are connected to each other by often very thin strands of 
material, also optically continuous with the patches. 
5.2.2. STUBBY CORDIERITE. 
This cordiente crystal habit is restricted to high grade rocks. It is particularly 
characteristic of the very highly melted rocks of the Chaotic Zone and is common in 
the granulose metasedimentary sub-type which make up a large proportion of the 
rocks of this location. It is, however, observed at other locations where the degree of 
melting is very high. 
Stubby cordierite is distinct from porphyroblastic cordierite in that it forms 
small crystals (0.5mm. or less in diameter), generally comparable in size to the 
associated mineral phases; unlike porphyroblastic cordierite. Stubby cordierite mainly 
takes the form of suhhedral to euhedral crystals which are largely inclusion-free (plate 
5.2a). The shape shown in thin section by these crystals is often rectilinear, but 
occasionally hexagonal shapes are observed (see plate 5.2a and b). 
Occasionally many rectangular crystals are found which are orientated parallel 
to each other, optically continuous but not always visibly joined. This is observed 
only rarely. In some instances these crystals are quite extensive, and by virtue of their 
optical continuity, give rise to a distinctive porphyroblastic appearance (see plate 
5.2c). However, although taken as a whole they have the aspect of a porphyroblastic 
crystal, each individual rectangular component resembles stubby cordierite. 
PLATE 51 
Ia. Thin section showing a simple, ovoid poikiloblast of cordierite really 
only visible as a paler shadow in the matrix. The cordierite contains an 
intense concentration of tiny inclusions, mainly comprising the phases also 
forming the external matrix. [xpl] Height of photograph = 5mm. Rock No. 
Dl 95. 
lb. Thin section of cordierite from above the zone V boundary exhibiting 
an outer edge which is extremely cuspate, and the outline of the crystal not 
well defined. The cordierite itself, although intimately intergrown with the 
matrix material, is relatively free of the smaller inclusions typical of lower 
grades. Eppli Height of photograph = 1mm. Rock No. Md. 
Ic. Thin section of small anhedra] patches of cordierite which are optically 
continuous, although apparently unconnected. Notice that the cordierite is 
to a large extent free of inclusions. Ixpli height of photograph = 0.5mm. 
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PLATE 5.2 
2a. Thin section of stubby cordierite forming subhedral to euhedral 
crystals, largely inclusion-free crystals. The crystals in this instance are 
completely pinnitised giving a distinctive mottled appearance in crossed 
polars. [xplJ Height of photograph = 0.5mm. Rock No. A35. 
2b. Thin section of a cordierite crystal exhibiting an approximate 
hexagonal outline. [pplJ Height of photograph = 0.35mm. Rock No. A 15. 
2c. Thin section showing many rectangular cordierite crystals which are 
parallel orientated and optically continuous. The large extent, and the 
optical continuity might classify this crystal as a single porphyroblast but 
the individual components resemble stubby cordierite more closely. xpl] 
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5.2.3. 	EXTINCTION 	PROPERTIES 	AND 	SUB-GRAIN 
CIIARACFERISTICS. 
Cordierite is often extremely pinnitised at Ballachulish (see plate 5.2a) and the 
internal crystal properties are frequently masked. However in relatively fresh crystals 
where inclusions are not too intense, it was possible to make out sometimes very 
complex internal properties. This complexity is mainly due to many of the crystals 
displaying variable extinction properties, sometimes obviously related to the fact that 
many crystals are made up of many sub-grain sectors which show differences in the 
extinction angle. The following descriptions apply to both porphyrohlastic and stubby 
crystal groups. The following extinction types were identified: uniform or simple 
extinction; undulose extinction; and complex extinction. 
Uniform or simple extinction. 
In this type the entire cordierite crystal extinguishes at the same time. '11is 
particular type of extinction is that generally found in the lower grade porphyroblasts, 
particularly in zone H. However, at high grades, stubby crystals also exhibit this 
property. 
Undulose and patchy extinction. 
In this type the extinction is not uniform and tends often to "sweep" across the 
crystal as the microscope stage is rotated (plate 5.3a). The difference in extinction 
angle between different sectors of the crystal is very small: a matter of a few degrees 
only, and the observed "sweep" indicates that the extinction angle increases 
sequentially as one moves across the crystal. 
There is a gradation observed in the abruptness of the change from one sector 
to the next. Often the transition is so gradual that it is not possible to identify where 
one sector ends and the next begins. However, in some crystals, the sectors are 
extremely well-defined. In these situations the sectors are seen to be uniform in their 
shape, size and orientation. They are rectangular and typically show dimensions of 0. I 
by 0.3mm. 
As mentioned above the extinction angle usually increases sequentially across 
a crystal. Occasional instances are observed, however, where this is not the case. 
Sometimes only two particular extinction angles are shown. Sectors exhibiting the 
different angles tend to be arranged alternately (plate 5.3b): as the stage is rotated, 
first one set of sectors extinguishes and then the second. The difference in extinction 
angle between the two sector sets is generally small; in the range 10 to 1 0 • ibis, 
more unusual, extinction behaviour is restricted to rocks above the zone V boundary. 
PLATE 5.3 
Thin section view of undulose extinction in cordierite. The extinction 
"sweeps" across the crystal as the microscope stage is rotated, the 
difference in extinction angle between different sectors of the crystal very 
small; a matter of a few degrees only. The observed "sweep" indicates that 
the extinction angle increases sequentially as one moves across the crystal. 
Ixpli Width of photograph = 1.5mm. Rock No. A35. 
Thin section view of a cordierite porphyroblast showing undulose 
extinction where only two particular extinction angles are shown. Sectors 
exhibiting different angles are arranged alternately. Thus as the stage is 
rotated, first one set of sectors extinguishes and then the second. Ixpli 
Width of photograph = 0.5mm. Rock No. C21. 
Thin section showing complex extinction where only a few sub-grain 
sectors are present, showing interesting, but apparently random shapes and 
sizes. [xplJ Width of photograph = 0.2mm. Rock No. A20. 
Thin section of a crystal exhibiting a very complex extinction pattern 
made up of sector sets having only three different extinction angles. 
approximately 1200  apart. Sectors often have zig-zag boundaries with the 
formation of forked, interlocking shapes. IxplJ Width of photograph = 
0.31ym. Rock No. A53. 
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This extinction type as a whole is restricted to crystals with a porphyroblastic 
morphology. Crystals exhibiting properties such as those just desciitwd are quite 
widespread throughout the aureole, including low grade rocks above the zone Ill/IV 
boundary. 
c). Complex extinction. 
In this group, the crystal as a whole can again be divided into a number of sub-
grain sectors which possess different extinction properties. In these examples, 
however, the shapes of the different sectors often appear to be completely unrelated to 
each other. 
This group can be further sub-divided into two groups. The first being those 
crystals which comprise a small number of sub-grains sectors, with random shapes 
and sizes and with quite large differences in extinction angle (plate 5.3c). This 
particular type of behaviour would appear to be restricted to those crystals exhibiting 
a stubby habit. 
The second group comprises crystals exhibiting very complex sub-grain 
patterns indeed. On close inspection, it can be seen that the complex pattern is in fact 
made up of sector sets having only three different extinction angles, approximately 
1,200 apart. It is the shape of the sectors which contributes to the overall complexity 
of the observed pattern. Sectors often have zig-zag boundaries with the formation of 
forked, interlocking shapes (see plate 5.3d). This property is found only in high grade 
porphyroblastic cordierite. 
5.2.4. DISCUSSION. 
Table 5.1. summarises the distribution of the different cordierite sub-types 
with respect to the metamorphic zones as outlined by Pattison and Harie (1985). 
Some general comments regarding the distribution of the sub-types and their 
explanations are presented, but X-ray and T.E.M. data (beyond the scope of this 
thesis) are clearly necessary for a full discussion. 
As can be seen in table 5. 1, porphyroblastic cordierite makes an appearance at 
quite low grades and then persists right up to the zone V rocks. Within the high grade 
rocks, poiphyroblastic cordierite is restricted to cordierite-rich rocks with low melt 
fractions. It would seem therefore that this morphological type is not especially 
related to melting processes. Particular crystal characteristics of some porphyroblasts 
are restricted to above the zone V boundary. The relatively inclusion-Fice 
porphyroblasts with the cuspate outline are restricted in occurrence to zone V. This is. 
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however, more likely to be related to the higher grades, and the particular reaction 
forming the cordierite, than to melting reactions. 
Stubby cordierite does however appear to be melt-related. it is found only in 
the inner aureole and is particularly common in the high melt fraction components 
e.g. granulose metasediinent. The textural relationships shown by these stubby 
crystals with accompanying phases also support the idea of involvement in (lie 
melting process: e.g. euhedral crystal faces imply growth in a fluid medium, for 
example, melt. The morphological character of the cordierite can therefore be related 
to melting processes. It is more difficult to constrain the origin of the differing 
extinction properties. 
The complex extinction pattern with many sub-grain sectors shown commonly 
in high grade rocks closely resembles the inner Sector trilling, as described by Putiiis 
and Holland (1986), see fig 5.1. Furthermore, difference in extinction angle between 
the different sub-grain domains of these crystals was 1200.  Sector trilling is a result of 
the Al, Si ordering process within the cordiente lattice and implies that the crystal 
first formed as the disordered hexagonal polymorph. Subsequent ordering is then 
associated with a transformation to the ordered orthorhombic form (Putnis and 
Holland, 1986). 
Cordierite exhibiting complex extinction patterns was found to be quite 
common in the highest grade rocks in the present study. However, in the aureole as a 
whole, cordierite with complex extinction is uncommon. A study of cordierite from a 
traverse of the contact aureole south of the complex, by Maresch et al (in press), 
recorded only two instances of such cordierite even in the high grade rocks. They 
concluded that most of the cordierite in the aureole did not form initially as the 
disordered, hexagonal polymorph, but as the low temperature, orthorhombic 
polyinorph. This is slightly in conflict with the present study, which suggests that 
hexagonal cordierite may have formed quite commonly in the inner aureole rocks. 
The equilibrium hexagonal -orthorhombic tranformat ion for Mg-rich 
cordierites is 14500C (Schreyer and Schairer, 1961), but for cordierites of 
intermediate compositions is thought to be much lower, at 700 0C (Kitamura and 
Hiroi, 1982). The aureole rocks are not thought to have exceeded 670 0C, which is 
lower than the equilibrium transformation temperatures given above. It is thought, 
however, that disordered cordierite can form below the equilibrium temperature via 
metastable growth (Putnis and Holland, 1986). Furthermore, this particular type of 
cordierite is restricted to the inner aureole where temperatures will have approached 
the equilibrium transformation temperature more closely, although not quite reaching 
them. Overstepping of the equilibrium by 50-60 0C is required to form the hexagonal 
polymorph. However, according to Putnis and Holland (1986) overstepping of 80-
85°C is not unreasonable. 
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Figure 5.1. (taken from Putnis and Holland, 1986) 
Two illustrations of inner sector trilling in cordierite crystals. 
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The complex extinction in which there are only a few sub-grain sectors may 
also be related to twinning, but the reasons for undulose and patchy extinction are 
unclear. Undulose extinction is normally associated with strain, but as strain is not 
thought to be an important influence in these rocks another explanation must be 
found. Maresch et 4 (in press) also noted the occurrence of such phenomena and 
attributed it to rapid crystal growth associated with a high defect density. The means 
by which the exact patterns and orientations of extinction develop however, remains 
unclear. 
5.3. ANDALUSITE. 
Andalusite makes its first appearance in Ballachulish Slate lithologies, via 
reaction 2a in zone IVa. It has appeared in all pelitic lithologies by the end of zone 
IV, via reaction 3. Andalusite is therefore largely restricted in occurrence to quite 
high grade rocks in comparison to cordierite which appears at very early stages in time 
contact metamorphic sequence. - 
The crystal habits shown by andalusite can also be divided into two main 
morphological groups; subhedrai to euhedral habit, and an unusual skeletal habit. in 
addition, a number of miscellaneous habits are also observed which will also be 
described in. the following text. 
5.3.1. SUB HEDRALTO EUHEDRALANDALUSITE. 
This group exhibits a range from well-developed euhedral prisms to prisms 
with a less regular subhedral, even rounded outline. Crystals tend to be relatively 
inclusion-free. 
The euhedral prisms (plate 5.4a) can be up to 3n -um. long with well developed 
square shaped cross sections, generally less than 0.2n - m. in diameter. There is often a 
distinct pink pleochroism, which is not uniformly developed and largely confined to 
the central part of the crystal. Often these crystals are associated with a granuloblaslic 
K-feldspar-rich halo; this is thought due to the andalusite producing reaction, 2b, 
which produces stoichiometrically large amounts of K-feldspar (Pattison, 1985). 
The subliedral to rounded prisms (plate 5.4b) tend to be thicker and larger 
often as long as 3-4mm. These crystals often contain holes and embayments. These 
larger crystals are often, but not always, associated with a concentration of biotite 
crystals and quartz exhibiting an interstitial habit. These rounded to subhedral prisms 
are also described in chapter 4. 
PLATE 5.4 
Thin section showing small euhedral prisms of andalusite, often 
exhibiting an uneven zoned pleochroism. The prisms are often associated 
with a K-feldspar-rich halo. [ppIJ Width of photograph = 3mm. Rock No. 
C4. 
Thin section of andalusite with a rounded, embayed outline. [ppIJ 
Width of photograph = 5mm. Rock No. A62. 
Thin section of andalusite forming parallel orientated arrays of tiny 
elongate, subhedral to euhedral andalusite crystals, which are all optically 
continuous. [ppll  Width of photograph = lmm. Rock No. D664. 
Thin section showing skeletal andalusite in which the shape of the 
individual sub-crystals of the array is rounded giving the crystal as a whole 










• 	 : 	 b 
••$èIr' 	:iJ' 















APP 4'  




c. 	fI 	 b 	' '• • 
,,• 	.,% 41, 
1 
5.3.2. SKELETAL ANDALUSITE. 
This unusual habit is illustrated in plate 5.4c. It consists of parallel orientated 
arrays of tiny, elongate, subhedral to euhedral andalusite crystals, which often appear 
largely separate in thin section, but which are all optically continuous. 11iin 
connecting bridges may be observed between crystals. A typical size for a crystal 
within this array is 0.05nun. by 0.2mm. 
There are frequent occurrences of skeletal arrays in which the shape of the 
individual crystals is less well-defined, giving the array as a whole a more spongy 
appearance (see plate 5.4d). Unusually coarse-grained versions of skeletal andalusite 
are also observed. in these instances indivdual crystals tend to have dimensions of 
around 0. 1 by 0.3mm. and tend to be rounded in outline. 
5.3.3. MISCELLANEOUS ANDALUSITE TYPES. 
Various other andalusite habits which do not fit into the above categories were 
observed. These include anhedral to spongy crystals which consist of small rectilinear 
crystals which possess outer edges with numerous embayments (plate 5.5a). The 
centre of the crystal is, however, quite complete. Some large subhedral andalusite 
prisms occur which are full of minute inclusions and show a transition to a skeletal 
array with which it is optically Continuous (plate 5.5b). One instance was found where 
the andalusite formed radially arranged prisms (see plate 5.5c). Also not to be 
forgotten is the occurrence of andalusite forming an interstitial phase in certain of the 
highly melted rocks of the aureole. This type of andalusite is described in chapter 4 
and illustrated in plate 4.7d. 
5.3.4. DISCUSSION. 
The particular andalusite habit which might be related to melting processes are 
the interstitial andalusite. This andalusite type exhibits textural relationships with the 
accompanying phases that would appear to indicate the crystallisation of andalusite 
from the melt (see section 4.3.2). This particular andalusite habit is not common in 
the aureole, being observed only in the very high melt fraction granulose 
metasedimentary rocks of the Chaotic Zone. 
The most common crystal habit shown by andalusite in the aureole is 
subhedral to euhedral. This habit is observed in rocks lying below the melting zone 
and is therefore more than likely a subsolidus phenomena. The very rounded corners 
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PLATE 5.5 
5a. Thin section of an anhedral crystal of andalusite comprising a complete 
central area surrounded by an intensely embayed outer edge zone. Ippli 
Height of photograph = 0.5mm. Rock No. A63. 
Sb. Thin section view, one half of which is occupied by a prismatic 
andalusite prism with a well developed cleavage. Adjacent to the main 
crystal are numerous small rectilinear sub-crystals orientated in the same 
direction and optically continuous with the larger crystal. L.pplJ Height of 
photograph = 0.5mm. Rock No. A35. 
Sc. Thin section of andalusite forming a radially arranged array of laths. 
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often shown by such prismatic crystals in the high melt fraction rocks at higher grades 
could be due to some dissolution of the andalusite into the melt phase during inciting. 
Dendritic and skeletal crystal shapes are often associated with the very rapid 
crystallisation of a supersaturated phase from a silicate melt. This phcnomcncnis 
particularly associated with olivine in ultramafic rocks such as koinatiites. Although 
the skeletal andalusite exhibits some morphological similarity to these types of 
textures it is extremely unlikely that they are due to the same processes. Andalusite 
showing a skeletal habit at Ballachulish is found only in the very low melt fraction 
rocks, being particularly common in the rigid homfels fragments found in less 
extensively melted rocks. This is hardly the sort of environment where one would 
expect to find textures indicative of the very rapid crystallisation of a inch 
supersaturated in AIS1 205 ! 
It is possible that the influences on formation of different andalusite habits aic 
related in detail to the actual reaction responsible for the production of the crystal. 
The controls on andalusite habits and behaviour are unclear, and require further study. 
CHAPTER 6. TEXTURAL ANALYSIS. 
6.1. INTRODUCTION. 
Study of the textural relationships between mineral phases present in a rock 
gives considerable insight as to the textural history of the rock in question. An 
overview of theory relevant to the textural development of crystalline rocks is given 
in chapter 2. If textural equilibrium has been achieved, the dihedral angle between a 
specific combination of phases should be relatively constant (unless crystal anisotropy 
is a significant factor, in which case there may be more than one equilibrium angle 
associated with a particular combination of phases). 
Deviations from equilibrium angles are frequently observed. This is mainly 
due to the fact that achievement of textural equilibrium is controlled by the often slow 
kinetics of grain boundary adjustment. It is possible therefore, for more than one 
episode in the textural history of a rock to be preserved. This phenomena is 
particularly useful in the study of partially melted rocks at Bailachulish. It has been 
hypothesised that at one time these rocks contained large quantities of melt. However, 
now the rock comprises solid phases, some of which have crystallised from that melt. 
Once melt has crystallised, subsolidus grain boundary adjustment is necessary to 
achieve textural equilibrium. However, as the rock cools, conditions are not 
favourable for rapid diffusion, and grain boundary adjustment will occur only slowly. 
It is possible therefore that textural relationships developed while melt was still 
present may be preserved. For instance, the presence of euhedral crystal shapes 
implying growth in a fluid medium, and the occurrence of very low dihedral angles 
typical of that which melt might show with the associated solid phases. 
The presence of euhedral crystal shapes has already been commented on in 
chapters 3 and 4. However, a quantitative study involving comparison of angles 
measured in the Ballachulish rocks with pre-existing data on equilibrium dihedral 
angles for particular combinations of phases should provide valuable additional 
evidence concerning the presence and distribution of the melt phase. Once the 
presence of melt has been established, along with its angular relationships with the 
surrounding solid phases, implications with respect to the connectivity of the melt 
phase, and hence the physical properties of the rock as a whole,can be explored. 
In the following text, after a brief review of recent literature concerning the 
geological implications of textural equilibration in rock-melt systems, a description of 
the procedure adopted and the results of analyses will be presented. The results will 
then be discussed with respect to the melting history of the high grade rocks of the 
Ballachulish aureole. 
6.2. GEOLOGICAL IMPLICATIONS. 
A system has reached textural equilibrium when all the crystal shapes, their 
boundaries and angular relationships conform with the types of textural constraints 
defined in section 2.2, and the system has attained the lowest possible surface energy 
configuration. 
Textural equilibration has recently been found particularly important with 
respect to problems relating to the behaviour of partially melted rocks and processes 
active in the development of layered igneous rocks (Jurewicz and Watson, 1985; 
Hunter, 1987). Much of this recent attention has centred around the dihedral angle. 
The dihedral angle is that angle found at the triple point between three grains (see 
chapter 2). The size of this angle is a function of the interfacial energies associated 
with the three grain boundaries meeting at that triple point (Smith, 1948), and will be 
that angle at which the overall surface energy of the junction is minimised. Thus, the 
dihedral angle is unique for a particular combination of phases, given a particular 
arrangement of crystallographic orientations (crystal anisotropy can result in a range 
of angles dependant on the crystallographic orientation). 
This angle is of particular interest when one of the phases involved is a fluid 
phase, i.e. a silicate-rich or a volatile-rich fluid. In these situations the dihedral angle 
is often referred to in literature as the wetting angle (Jurewicz and Watson, 1985). In 
the following text dihedral and "wetting" angle are often used interchangeably when 
referring to angles involving melt. The size of the dihedral (or wetting) angle has 
considerable implications with respect to the distribution and possible subsequent 
segregation of the melt phase. Textural relationships control the distribution of the 
melt phase with respect to the surrounding solid phases, dictate the ease at which melt 
can be removed from the system and also whether or not it is energetically favourable 
for it to do so. 
6.2.1. MAFIC/ULTRAMAFIC SYSTEMS. 
Considerable attention has been given to the angular relationships of mafic 
partial melts in ultramafic host rocks e.g. Vaughan et ! (1982), Toramaru and Fujii 
(1986), among others. Studies of this kind have relevance to problems relating to the 
formation and segregation of partial melts from mantle rocks. 
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It has been found that melt has a wetting angle of around 49510  with crystals 
of olivine which are in contact (Toramani and Fujii, 1986; Waff and EluIau. 1979). 
The melt will thus tend to form an interconnected phase, even at very small melt 
fractions. In a host rock consisting of more than one phase, i.e. including oriho- and 
clinopyroxene, the situation becomes more complex (Torarnaru and Fujii, 1986). Melt 
wetting angles with pyroxene solid phases are more than 600.  The connectivity of the 
melt phase is therefore erratic and controlled by the modal mineralogy of the grain 
boundaries in question. 
Studies by McKenzie (1984) and Cooper and Kohlstedt (1986) outline the 
consequences of pore geometry and occupancy on the theological properties of the 
partially melted body, i.e. viscosity, response to compaction forces, etc. The presence 
of an interconnected melt phase enhances diffusive mass transport processes, thus 
lessening the barriers to ductile deformation of the body in question. 
Textural ucl.es have also allowed increased understanding of processes 
active in the formation of layered igneous intrusions. That intercumulus melt may 
form an interconnected phase throughout a cumulus pile implies that interaction 
between it and the melt occupying the main part of the magma chamber might be 
largely unimpeded. Compositional convection processes can thus be proposed to 
explain layer enrichments in particular phases as opposed to traditional adcumulate 
compaction theories (Tait et al, 1984; Tait and Kerr, 1986). 
However, textural relationships must be treated carefully. In many situations 
primary textural features may be obscured by subsequent crystal sintering processes. 
Often subsolidus recrystailisation may mask the textural relationships which might 
have been present at the time melt was present (Hunter 1987). Such subsolidus 
processes have been proposed by Hulbert and von Gnienewaldt (1985), and Cawthorn 
et al (1983) to explain the presence of some -layers particularly enriched in ore. 
Subsolidus grain coarsening and annealing have resulted in enrichment of the ore by 
concentrating it within a smaller area of the original ore-bearing layer. 
6.2.2. GRANITIC SYSTEMS. 
Granitic systems have not been studied as extensively as mafic systems. Muiy 
of the above considerations, however, apply equally well to granitic systems. Granitic 
systems have principally been studied in relation to crustal anatexis and the fonnatiomi 
and separation of large quantities of granitic magma (Wickham 1987). 
Experimental work has shown that melts of granitic compositions have 
wetting angles less than 600  with solid phases such as quartz and feldspar (Jurewicz 
and Watson, 1984; 1985). To a large extent, therefore, a granitic melt should form a 
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interconnected network even when present in miniscule amounts. There is a 
complication in that the quartz/quartz melt wetting angle (the angle two quartz 
crystals in contact will have with the melt) tends to be close or equal to 600,  and 
therefore, in a quartz-rich host, a melt might show ambivalent behaviour, forming 
both as an interconnected network and, occasionally as isolated pools. 
Although fomiing an interconnected body, the ease with which such granitic 
melts can be extracted from their host rocks is influenced by the viscosity of the melt 
(Wickham 1987). Granitic melts have a very high viscosity and this will impede the 
segregation process. The mobilisation of large bodies of granitic material therefore 
requires very high degrees of melting and involves the movement of both the melt and 
the residual crystals contained within. 
6.3. SELECTION OF ANGLES FOR MEASUREMENT. 
Obviously in carrying out a textural study the number of possible 
combinations of phases between which to measure the dihedral angle can be large. In 
order to carry out a meaningful textural analysis of the rocks of Ballachulish specific 
combinations were selected. 
Melt crystallisation textures, in which a xenomorphic-interstitial mineral 
phase preserves melt shapes, are widespread in the extensively melted rocks of the 
Chaotic Zone, and involve many different combinations of phases (see section 4.3.2). 
A number of different phases exhibit an interstitial habit in these textures; quartz, K-
feldspar, biotite, cordierite, tourmaline and andalusite, and these are the phases 
interpreted as representing the shape of the late stage melt. In the less extensively 
melted rocks of Alit (Juibhsachain, melt crystallisation textures are not as abundant, 
being most apparent within the actual melt segregation and vein structures. Quartz is 
invariably the interstitial phase preserving melt shapes in this area. 
Data on equilibrium dihedral anglesartnot abundant. Equilibrium solid angles 
were measured by Vernon (1968) and some experimental work was carried out by 
Jurewicz and Watson (1985) on equilibrium wetting angles involving granitic melt. 
The angles recorded in these studies are given in table 6.1. 
The common involvement of K-feldspar and quartz in melt-related textures of 
both extensively and less extensively melted rocks makes this particular combination 
of phases an obvious choice for closer study. Pre-existing data is also available for 
various angular combinations involving these phases. 
In less extensively melted rocks quartz is the interstitial phase, into which 
sub/euhedral K-feldspar crystals extend. Quartz is interpreted to pseudomorph the late 
stage melt phase. Therefore, it is the K-feldspar/K-feldspar-quartz dihedral angle (for.  
TABLE 6. 1. PRE-EXISTING DATA ON EQUILIBRIUM DIHEDRAL ANGLES BETWEEN QUARTZ AND FELDSPAR. 
ANGLE 	ARITHMETIC STANDARD MEDIAN 	MODE NO. OF 	SOURCE 
MEAN 	DEVIATION 	 OBSERVATIONS 
Or/Or-Qtz 103 	 18.0 
- 105 j 	151 
P1/P1-Qtz 111 	 12.7 - 111 100 
Qtz/Qtz-P1 115 	 16.3 - 110 50 
Qtz/Qtz-P1 105 	 12.4 
- 105 100 
Qtz/Qtz-melt 
Crystallisation 	 - 
- 	 59 50-54 >50 
Partial melting - 
- 	 58 55-59 >50 
Qtz/Or-melt 
Crystallisation 	 - 
- 	 49 45-49 >50 
Partial melting - 
- 	 48 45-49 >50 
Or/Or-melt 
Crystallisation 	 - 
- 	 43 40-44 >50 
Partial melting - 
- 	 : 	 45 35-39 >50 
Vernon, 1968. 
Jurewicz and Watson, 1985. 
Abbreviations. Or - Orthoclase. Pt - P/a giocluse. Qt: . Quart:. 
-4 
Note - The convention used in this thesis to portray a dihedral angie is AlA-B. This refers to the angle between two touching grains of A with a third phase. B. 
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details on the convention used to present these angles, see table 6.1) which may 
preserve the wetting angle of the melt with K-feldspar crystals suspended within it. K-
feldspar/K-feldspar-quartz angles were measured from both extensively 
melted and less extensively melted rocks. In the extensively melted rocks of the 
Chaotic Zone, biotite is also observed to show an interstitial habit, K-feldspar/K-
feldspar-biotite angles were therefore also measured for these rocks. 
Another possible angular combination of the phases K-feldspar and quartz is 
quartz/quartz-K-feldspar. This angle is of most interest when K-feldspar is seen to 
show an interstitial relationship with respect to the quartz. This angle may preserve 
the wetting angle of the melt with quartz crystals suspended within it. 'l'liis 
relationship is seen frequently in the Chaotic Zone in zones exhibiting a mosaic 
texture. Besides K-feldspar; biotite, cordierite and andalusite are also observed to 
show an interstitial relationship with respect to quartz in these zones. A selection of 
quartz/quartz angles were therefore measured in different zones. These were then 
compared to the same angles measured in less extensively melted rocks in which such 
melt textures are rare or absent. 
Cordierite and quartz are also common constituents of these rocks. Although 
no pre-existing data we available for this particular combination, it was considered 
worthy of study, due to its common involvment in melt-related textures, particularly 
in the Chaotic Zone. These angles were measured from extensively and less 
extensively melted rocks. 
6.4. PROCEDURE. 
The measurements were carried out by positioning the triple point of interest 
exactly under the cross-hairs, and simply rotating the stage in order to measure the 
angle. A true dihedral angle is a 3-D quantity measured normal to the three crystal 
faces concerned. 2-D measurements of this angle on the surface of a thin section 
should fall into a normal distribution, the centre of which will lie on the actual 3-D 
angle (Harker and Parker, 1945). Fig. 6.1. illustrates the shape of a typical normal 
distribution (Freund, 1979). Measurements plotted as a histogram should therefore 
show a pronounced peak at the true 3-13 angle, i.e. the mode of the data is taken as ui 
approximation to the true angle. Alternatively, the mean or the median of the data can 
be taken as estimates of the true angle. The arithmetic mean and standard deviation 
can be calculated, either from the raw data, or from the plotted histograms. The 
measured or apparent angles can also be plotted as cumulative frequency curves. i1e 
median of the data can be read directly from these curves. 
Figure 6. 1. An illustration of a typical normal distribution curve (taken from Freund, 1979). .L is the mean of the data. 
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A true normal distribution is symmetrical (see fig 6.1) and therefore, if the 
data does indeed approximate a normal distribution, the mean, median and modal 
values should be the same. Strictly speaking all three statistical measures should be 
quoted to fully describe the data. Relying on one of these measures only. may lead to 
a false impression of the true nature of the data (Freund, 1979). For instance, a small 
cluster of measurements lying at a particularly high value will pull the overall mean 
up towards this high value, and thus give an erroneous estimate of the true mean of 
the bulk of the data. 
In this study histograms and cumulative frequency curves were plotted. Data 
wrploued straight on to the histograms, so statistical measures referred to are 
calculated from the plots rather than the raw data. Calculated means with root mean 
square standard deviations and modes are presented, after study of the histogram 
plots, and also median values as read from the cumulative frequency curves. if the 
angle under consideration is close to textural equilibrium then the data should closely 
resemble a normal distribution, which is symmetrical, and the three statistical 
measures mentioned above should lie at the same value. In other words, the degree of 
agreement between the three measures can be used as a rough indication of (lie 
approach to textural equilibrium. 
Normal distributions can vary considerably in absolute shape, dependent on 
the height and spread of the curve (Freund 1979). Ideal theoretical distributions have 
been calculated for the data expected from 2-D measurements of dihedral angles 
(Harker and Parker, 1945) and more recently plots were produced by McKenzie (pers. 
comms.). Comparison of the distributions of apparent 2-D angles with these 
theoretical distributions should also give an impression as to how closely the data 
resemble" the expected distribution, and hence if rock approaches textural 
equilibrium. 
Care must be taken, however, as theoretical distributions assume that there is 
one unique dihedral angle. This need not be the case. Anisotropy of crystals can lead 
to anisotropy in the associated interfacial energies, and thus a range of true dihedral 
angles. This might be seen as a broadening in the distribution of apparent angles, or 
even bimodalAy (Jurewicz and Jurewicz, 1986). Thus, certain deviations from ideal 
distributions need not imply lack of equilibrium, but simply indicate the lack of a 
single, unique dihedral angle. It has also been shown by Jurewicz and Jurewicz (1986) 
that if two true angles exist in a system which are less than 100  apart then the 
resultant cumulative frequency curve may be indistinguishable from the ideal 
cumulative frequency curve for a single angle. Plotted as a histogram, however, 
identification of the two angles may be possible. 
The above text deals with problems related to statistically representing and 
interpreting the data once collected. Problems related to the collection of the data 
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itself must now be discussed, for instance, how accurately angles can be measured, 
how many measurements are required, into what class intervals should the data he 
divided. 
In the following study angles were measured simply by rotation of the 
microscope stage. Often the grain boundaries are observed to curve in towards the 
intersection. In these instances measurement of the angle was based on the tangent of 
the curve which passed through the intersection itself. This visual approximation to 
the angle may lead to measuring errors of as much as 100  (Jurewicz and Jurewicz, 
1986). 
Jurewicz and Watson (1985), after assessing their data statistically, stated that 
between 50 and 100 measurements there is no significant change in the form of the 
data produced. Therefore anything over 50 measurements gives a statistically 
meaningful representation of the true distribution. This was further verified by time 
present author's comparison of the distributions after 50 and 100 measurements in two 
samples, shown in figs. 6.2b. and 6.9b. 
In the histograms, a class interval of 100  would seem the obvious choice, and 
this interval was indeed selected for the present study. Vernon (1968) selected class 
intervals of between 70  and 120 for his study, whereas Jurewicz and Watson (1985) 
selected a class interval of 50•  In the present study, it has been found that it might 
have been possible to be more precise about the absolute value of the angles in 
question had a class interval of 50  been chosen (see fig. 6.9b). However, this lack of 
precision has not proved detrimental to the study, and given the possible measuring 
errors involved, a class interval of 100  was considered satisfactory. 
6.5. RESULTS. 
As described in section 6.3, a number of different angles were selected for 





6.5. 1. K-FELDS PAR/K-FELDS PAR ANGLES. 
These are defined as the angles found at the intersection between two K-
feldspar crystals and a third phase. in this study two phases were chosen as the third 
phase; quartz and biotite. Angles were measured in a total of 13 rocks. Table 6.2. 
gives a summary of the results. 
The different rocks selected for analysis can be divided into two groups:- 
Rocks showing considerable evidence of melting. 
Rocks in which there is minimal or no evidence of melting. 
The data from the first group is shown diagrammatically as histograms in fig. 
6.2. Histograms of data from the second group are shown in fig. 6.3. Cumulative 
frequency curves of data from both groups are shown in fig. 6.4. The data show a 
marked lack of correspondence between the three statistical measures (mean, median 
and mode) in many of the analyses. Furthermore, the standard deviations from the 
mean are generally large in all the samples. Average deviations given by McKenzie 
(pers. comms.) lie in the range 50  to 240  from the mean. It would appear, therefore, 
that the measured distributions do not show the expected properties of an equilibrium 
distribution as described in section 6.3. 
Looking at the histograms in figs. 6.2 and 6.3, it can indeed be seen that the 
distributions are far from symmetrical normal distributions; many of the plots are 
extremely complex. Generally speaking, the histograms in fig. 6.2 show some 
skewness towards angles less than 60 0, whereas those in fig. 6.3 are skewed towards 
much higher angles. The distributions are not smooth, often the plots exhibit a multi-
peak nature. It can be seen that certain peaks are forming repeatedly at particular class 
intervals, notably 20 0, 500 600, 100-1100. (Note that in the text from here on, a class 
interval is referred to by the size of the angle representing the lower limit of the class, 
e.g. 200 refers to the class interval 20-29 0). 
In the group 1 rocks (fig. 6.2) the main peaks lie at the class intervals 500  and 
600. There is often a subsiduary peak at the smaller interval of 20 0. In two of the 
plots, CLC2I and CLA20, this subsiduary peak lies at 30 0. In all the plots a further 
peak is observed at the higher intervals of 100 0 and 1100. An additional peak at time 
intermediate values of 70 0, 800  or 900  may also be present. Notice that the K-
feldspar/K-feldspar-biotite plots in fig. 6.2c do not differ significantly from the K-
feldspar/K-feldspar-quartz plots of fig. 6.2a and b. 
In the group 2 rocks (fig. 6.3) there is major contrast in the position of the 
main peaks; in three of the plots the main peaks lie consistently at the 1000  interval. 
The fourth plot shows a main peak at 1200.  In these group 2 plots, the main peaks are 
often better defined than those of the group 1 rocks. Although there is a reduction in 
the number of peaks present, again there is commonly a subsiduary peak to the main 
TABLE 6.2. SUMMARY OF K-FELDSPAR/K-FELDSPAR DIHEDRAL ANGLE ANALYSES. 
ANGLE 	SAMPLE ARITHMETIC R.M.S. 	MEDIAN 	MODE 	NO. OF 
MEAN STANDARD OBSERVATIONS 
DEVIATION 
Group 1 
Kf/Kf-Qtz CLC35/6 68.1 27.8 60.0 60-69 50 
CLC49 71.3 31.3 55.0 50-59 50 
CLC21 64.1 26.5 56.0 50-59,70-79 50 
CLC40I2 62.1 29.1 52.0 50-59 50 
KffKf-Qtz CLA57B 56.8 26.1 47.0 40-49,60-69 53 
CL2b/5 65.9 30.8 55.0 50-59 50 
CLA13 59.9 26.8 51.0 50-59 50 
CLA13 66.3 26.7 51.0 50-59 100 
KffKf-Bt CLA1 la 61.7 21.9 54.0 50-59 36 
CLA20 60.1 26.7 52.0 50-59 39 
Group 2 
KffKf-Qtz 88.46 89.3 22.9 87.0 60-69 50 
CLC10a 88.7 23.2 89.0 100-109 50 
I CLA22/2 97.1 27.4 95.0 120-129 50 
CLA59/1 103.9 26.3 102.0 	1 100-109 50 
Abbreviations: Kf - K-feldspar. Qe: - Quart:. Bt - Biotite. R.M.S. - Root Mean Square 
-J 
Figure 6.2. Histograms of K-
lcldspar/K-lcldspar dihedral angle 
analyses from rocks showing 
considerable evidence of melting 
(group 1 rocks). (a). K-feldspar/K-
feldspar-quartz from different 
Icucocrauc segregation types from 
AIR Guibhsachain. (L)). K- 
feldspar/K-feldspar-quartz from 
high melt fraction rocks of the 
Chaotic Zone. (c). K-feldspar/K-
fcldspar-biotile from high melt 
fraction rocks of the Chaotic Zone. 
Brief descriptions of the rocks front 
which the measurements were taken 
are given beside the plots. 
Notes: - 1. ilic small numbers marking the 
lops of peaks refer to the beginning of the 








a Ito 	Cross-culling 
6. 








50 	10 	 CLC2I 
05 K-leldspar-rIch 
m atrix material 
10 
FFr 
 . I 
r~_ 















r5, 	 Luminnr zone 	 Is 50 
Grauloso material  
' 	 I I 	 CLA20 
(100 measurements) 	 30 
• 	 I I I I 	 Laminar zone 
11 Granulose material 
60 I I 	[ii (39 10 	 [J 
-' '- 	
• 	(50 mnasl,romonts) 	 - 	 - 
30 	60 	90 	30 
Observed Anglo (Degrees) 
tOO 	 K-toldsparlk-toldspar biotile 
"60 	90 	120 






uSC Ofl I fl bus 
nuCOSomC 
0 80 
1C35/6 	 It_H 
I 	I 	 CLA57O 
;ros S - cutting 	 I 
eucosOme 	 I I Granhtic material 
5- 	 (53 moas-iremonts) 
rn 
peak. 
2. Unless otherwise indicated the number of 
nueasumuents is 50. 
Figure 6.3. Histograms of K-Feldspar/K-
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peak observed at a slightly smaller interval; 60 0, 700  or  800.  There are no peaks at all 
observed at angles below 600 . 
Looking at the cumulative frequency curves in fig. 6.4, it can be seen that the 
plotted curves do not compare particularly well with the ideal theoretical curves of 
McKenzie. Generally, the slope of the curves is too shallow, and often there is a step-
like character to the plotted curves due to the multi-peak nature of the data. 
McKenzies' curves represent one angle only. Notice that curves corresponding to 
measurements from group 2 rocks lie within an envelope involving higher angular 
values than the group 1 curves. 
6.5.2. QUARTZ/QUARTZ ANGLES. 
These are the angles found at the intersection between two quartz crystals and 
a third phase. As outlined in section 6.4, a number of different phases exhibit an 
interstitial relationship with quartz, particularly in the granulose rocks of the Chaotic 
Zone. A number of phases were therefore selected as the third phase in measurements 
of quartz/quartz angles; K-feldspar, cordiente, andalusite and biotite. 
Angles were measured in a total of 17 rocks. Table 6.3 gives a summary of the 
results. As with the K-feldspar/K-feldspar angles the different rocks selected can be 
divided into two groups:- 
Rocks showing considerable evidence of melting. 
Rocks in which there is minimal or no evidence of melting. 
Data from the first and second groups is shown as histograms in figs. 6.5 and 
6.6 respectively. Cumulative frequency curves for each group are illustrated in figs. 
6.7 and 6.8. 
Looking at table 6.3, and figs. 6.5 to 6.8, it can be seen that the results are 
similar to those of the K-feldspar/K-feldspar data. The only differences observed are 
in the actual sizes of the angles measured, i.e. the positions of the different peaks on 
the histogram plots. In figs. 6.5 and 6.6, the positions at which peaks are repeatedly 
observed are less consistent than the K-feldspar/K-feldspar angles, but that is perhaps 
understandable as a larger variety of angles are being measured. In fig. 6.5, there is, in 
fact, a remarkable amount of correspondence between the different plots of (a) to (d) 
when it is remembered that four different angles are, in fact, represented. 
In most of the plots the main peaks occur at 10 0  intervals below or at 60 0 , 
except two of the quartz/quartz-cordierite plots, in which the main peak lies at 70 0. 
Peaks at intervals between 400  and 500  are particularly recurrent. As with the K-
feldspar/K-feldspar plots, there is often a significant subsiduary peak at a smaller 
intervals than the main peak, 20 0 or 300 in this case. Significant peaks are also 
TABLE 6.3. SUMMARY OF QUARTZ/QUARTZ DIHEDRAL ANGLE ANAYSES. 
ANGLE 	 SAMPLE ARITHMETIC R.M.S. 	MEDIAN 	MODE 
	
NO. OF 









































































Qtz/Qtz-Kf CLA59/1 	I 85.1 26.7 86.0 
CLC10a 92.3 26.3 91.0 
Qtz/Qtz-Cd CLC10a 102.3 21.6 98.0 
D644 105.7 1 25.3 I 	100.0 
Qtz/Qtz-And CLA62/1 106.0 41.3 110.0 
Qtz/Qtz-Bt CLC10a 975 23.3 94.0 
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Figure 6.5. Histograms of 
quartz/quartz dihedral angle 
analyses from rocks showing 
considerable evidence of , 
melting (group I rocks). 
Quartz/quartz-K-fCldSL)ar. 
Quartz! quartz-cord ierile. 
Quar(z/quartz-biOlilC. 
The samples all came front the 
Chaotic Zone. All samples were 
of the granulose sub-type, 
except CLA58X, which was of 
the granitic material. 
Notes:- 1. The small numbers marking 
the tops of peaks refer to the beginning 
of the class interval represented by that 
particular peak. 
2. Unless otherwise indicated Ihc 
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Figure 6.6. Histograms of quartz/quartz dihedral 
angle analyses from rocks showing little 





Brief descriptions of the rocks from which the 
measurements were taken are given beside (lie 
plots. 
Notes:- I. The small numbers marking the lops of peaks 
refer to the beginning of the class interval represented by 
that particular peak. 
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observed at higher intervals in fig. 6.5. These principally lie at values of 80-90 0 and 
1100 . 
Looking now at fig. 6.6, of the group 2 rocks (little evidence of melting), it 
can be seen that the main peaks lie at intervals considerably greater than 600.  ilie 
main peak in the quartz/quartz-K-feldspar plots is at the 90 0 interval. In the 
quartz/quartz-cordierite plots it is 100 0, and in the quartz/quartz-biotite plots it is 
again 900.  The quartz/quartz-andalusite plot shows many peaks and is ambiguous, 
being based on very few measurements (due to difficulties in finding suitable angles 
for measurement). The only observation that can therefore be made from the 
quartz/quartz-andalusite plot is that unlike the equivalent plot of a group 1 rock, there 
is no evidence of a peak at angles less than 60 0. In figs. 6.7 and 6.8, it can again be 
seen that the plotted cumulative frequency curves do not fit particularly well with the 
theoretical curves of McKenzie. 
6.5.3. CORDIERITE/CORDIERITE ANGLES. 
These are the angles found at the intersection between two cordierite crystals 
and a third phase. In this study the main angles studied were those in which the third 
phase consisted of quartz. However some cordierite/cordierite-biotite angles were 
measured. Angles were measured in a total of 11 rocks and a summary of the results 
is given in table 6.4. Again the rocks selected for study can be divided into two 
groups, however, this time it was considered appropriate to further divide group 2 into 
two subsiduary groups A and B. Thus the three categories are:- 
1. Rocks showing considerable evidence of melting. 
Rocks in which cordierite predominantly shows a porphyroblastic habit, 
but euhedral extensions into interstitial quartz are observed occasionally. 
Rocks in which there is minimal or no evidence of melting. 
Measurements were only taken from one group 2B rock due to the difficulty in 
finding suitable intersections for measurement. This is due to the porphyroblastic 
habit shown by the cordiente in these rocks, making it rare to find two porphyroblasts 
in contact where the angle could be measured. Furthermore, the abundant presence of 
inclusions, coupled with the very fine-grain size of the typical matrix material makes 
mineral identification itself very difficult. 
Looking at table 6.4, and figs. 6.9 to 6.12, it can be seen that once again many 
of the same general observations apply as for the K-feldspar/K-feldspar and the 
quartz/quartz angles. However, the cordiente/cordierite data is not as predictable. For 
instance, in the previous two studies it was noted that in plots from group 1 rocks 
there was a rough skewness towards angles less than 600  whereas in group 2 rocks the 
TABLE 6.4. SUMMARY OF CORDIERITE/CORDIERITE DIHEDRAL ANGLE ANALYSES. 




Cd/Cd-Qtz CLA57B 55.3 I 	26.8 46.0 30-39 
CLA62/4 76.7 22.6 72.0 80-89 
CL2b/5 71.1 25.7 69.0 90-99 
CLA7 62.1 24.9 56.0 30-39,60-69 
CLA13 65.1 24.2 59.0 50-59 
CLA13 64.0 23.9 59.0 50-59 
CLC5/1 38.5 19.7 27.0 20-29,40-49 
CdJCd-Bt CLA11a 54.9 26.7 45.0 50-59 
CLA20 58.4 28.1 58.0 60-69 
Group 2A 
Cd/Cd-Qtz CLA40 75.9 26.8 73.0 90-99 
D667 82.3 24.1 83.0 90-99 
Group 2B 
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Figure 	6.9. 	Histograms 	of 
cor(licritc/cor(licri le (lihc(lral angle 
analyses from rocks showing 
considerable evidence of melt 
(group I rocks). 
(a). Cordicrile/cordierite-quartz. 
(h). Cortl ucnic/cor(l ucritc-hiot lie. 
With the exception of sample 
CLC5/I, all the samples came from 
the the Chaotic Zone. 01 the 
Chaotic Zone samples, all except 
CLA57B were of the granulose sub-
type. 
Notes:- 1. The small numbers marking the 
tops of peaks refer to the beginning of the 
class interval represented by that particular 
peak. 
2. Unless otherwise indicated she numbcr of 
measurments is 50. 
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Figure 6.10. Histograms of cordicrile angles 
from rocks showing little evidence of melt 
(group 2 rocks). 
Cord ieri te/cord ierite-quartz from group 2A 
rocks. 
Cord ierite/cordierite-quar(z from group 2B 
rocks. 
Brief descriptions of the rocks from which (lie 
measurements were taken are given beside (lie 
plots. 
Notes:- 1. The small numbers marking thc tops of peaks 
refer to the beginning of the class interval represented by 
that particular peak. 
2. Unless otherwise indicated the number of nieasumients 
is 50. 
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Figure 6.11. Cumulaiivc 
frequency 	curves 
associaled with (lie 
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observed skewness was towards larger angles. In fig. 6.9a, two plots of group 1 rocks 
are shown in which there is a pronounced skewness towards higher angles when 
compared to their counterparts. However, in the main, group 1 rocks exhibit major 
peaks at class intervals less than or around 600.  Most of the plots in fig. 6.9 show 
their main peaks to lie at intervals of 500  and 600.  There is often another major peak 
at the smaller value of 30 0; two of the plots, CLA13 and CLC5/1, show subsiduary 
peaks at values as little as 20 0 . 
The group 2A rocks, which exhibited only rare evidence of identifiable melt 
textures, show a pronounced bimodal nature. There are major peaks at the intervals 
500 and 600  (i.e. the same intervals as noted in the group 1 rocks), and at the 90 0 
interval. Therefore it would appear that the group 2A rocks show a more marked 
affinity with the group I rocks than was previously expected. The plot of the group 
2B rock, in contrast, shows a major peak at the intervals 700  and 900, with no 
evidence of a peak at a smaller interval. 
Figs. 6.11 and 6.12 show that, again, there is little correspondence between the 
plotted cumulative frequency curves and the theoretical curves of McKenzie. 
6.5.4. SUMMARY. 
The following generalisations can be made from the data discussed above:- 
Histogram plots of group 1 rocks show a rough skewness towards angles 
less than 64)0 whereas plots of group 2 rocks are skewed towards higher angles. 
Often group I rocks show evidence of an additional peak or peaks at angles 
distinctly greater than 60 0 . 
There is little evidence for peaks at intervals less than 600  in group 2 rocks, 
with the exception of the group 2A cordierite/cordierite angles. 
Histogram plots of group 2 rocks often show less complexity; a better 
developed main peak and a reduction in the number of peaks present. 
Often the larger peaks, in both group 1 and 2 rocks, are associated with a 
smaller subsiduary peaks lying at smaller angles. These subsiduary peaks are often 
separated from the larger peaks by 20-300. 
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6. Cumulative frequency curves of the data tend not to correlate too well with 
the theoretical curves of McKenzie. This lack of correlation is more marked in the 
case of group 1 rocks than group 2 rocks. 
6.6. DISCUSSION. 
6.6.1. APPROACH TO TEXTURAL EQUILIBRIUM. 
As discussed in section 6.3, it has been proposed that if a rock is at textural 
equilibrium, measurements of a particular dihedral angle are expected to fall into a 
simple normal distribution around a single value (or a small range of values allowing 
for crystal anisotropy). It is clear that in most of the plots described in section 6.6, the 
approach to textural equilibrium is poor. This is reflected in the frequent lack of 
agreement between the three statistical measures; mean, median and mode; the 
complex nature of the histogram plots; and the poor correlation between the observed 
cumulative frequency curves and the theoretical curves of McKenzie. It is particularly 
evident in the histogram plots of group I rocks, which often show significant peaks at 
positions ranging from 20 0  to  1100 . 
It was pointed out in section 6.3 that crystal anisotropy may lead to a range of 
true dihedral angles and hence a broadenUing or even bimodality of the distribution 
curve (Jurewicz and Jurewicz, 1986). However, it is most unlikely that the large range 
of angular measurements observed in this case should be the result simply of crystal 
anisotropy. The measurements of solid/solid angles by Vernon, 1968, (not all given in 
table 6.1) included combinations of phases which show marked anisotropy, e.g. 
homblende and pyroxene, but, although his descriptions imply that the distributions 
are often irregular and asymmetrical, in none of his data is there any suggestion of 
such major deviations from the expected distribution. Only one of his analyses 
(quartz/quartz-garnet) showed a bimodal nature and the distance between the two 
peaks was only 200 . 
It has been observed that many of the main peaks in figs. 6.2-3, 5-6 and 9-10 
have an associated subsiduary peak, lying 20300  below the main peak. It is possible 
that these subsidiary peaks are a product of crystal anisotropy. However, the full 
range in values observed cannot simply be attributed to crystal anisotropy and must be 
a function of the poor approach to textural equilibrium. 
Most of the angles selected for study were chosen on the basis of possible 
involvement in melt-related textures (see section 6.4). It was hoped that the wetting 
angle of the melt with the various bounding phases might be preserved by the now-
present solid phases. The possibility of this wetting angle being preserved is reliant on 
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the fact that slow diffusion rates will prevail once melt is no longer present in the rock 
(see section 6.2). However, a melt wetting angle preserved in such a way is not an 
equilibrium angle for the solid phases preserving it, and on cooling the rock will try to 
re-equilibrate, even if slowly. As a result the fmal distribution of the measured angles 
will be expected to show a range of values from that of the melt wetting angle to that 
of the equilibrium solid/solid angle. It might also be expected that there be a cluster of 
values at either end of the range, corresponding to the initial melt angles and the final 
fully readjusted solid equilibrium angle. 
Group 1 rocks consist of various high melt content materials; leucocratic 
segregations from the Alit Guibhsachain rocks and granulose/granitic material from 
the Chaotic Zone. In these rocks, as described in chapters 3 and 4, melt crystallisation 
textures are particularly abundant. It is in these group 1 rocks, therefore, that a melt 
angle might be preserved. Looking at the histogram plots of the group 1 rocks, a 
certain form is indeed observed; there is a major peak (plus an associated subsiduary 
peak) generally lying at some interval below 600  which might correspond to the melt 
wetting angle. This major peak then tapers away towards higher angles before there is 
a second cluster of angles, or additional peak, at a distinctly higher interval, often 
around 1000. The hypothesis that the smaller peak represents a preserved melt angle 
is supported by the fact that the position of the major peak is remarkably consistent 
irrespective of the identity of the interstitial phase. The larger solid/solid angles 
appear to be more dependent on the identity of this third phase. 
Group 2 rocks are those in which (based on petrographic evidence outlined in 
chapters 3 and 4) there was either a very low melt fraction or no melt at all. In these 
rocks the approach to textural equilibrium should be quite good; not only have they 
been at high temperatures for long periods of time when diffusion rates are favourable 
and textural readjustments enhanced, but a very small amount of interstitial melt may 
have been present providing a medium through which diffusion is further enhanced. 
In group 2 rocks, not only is there a closer, if still imperfect approach to textural 
equilibrium, but peaks at smaller angles are notably absent. Very small dihedral 
angles are typical of melt equilibrium angles (table 6.1). Furthermore, dihedral angles 
which are simply a product of the chance impingement of euhedral crystals growing 
within a melt are more likely to be small. The lack of such small angles in the group 2 
rocks may thus imply a lack of melt presence. 
Group 2A cordierite/cordierite angles differ from typical group 2 rocks ill that 
a peak at smaller angles is observed. These rocks consist of homfels samples in which 
melt presence is thought to have been at a minimum. However, the presence of a peak 
at smaller dihedral angles in fig. 6. 10a indicates that melt may have indeed been 
present in these rocks. 
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6.6.2. IDENTIFYING TRUE DIHEDRAL ANGLES AND COMPARISON 
WITH AVAILABLE PRE-EXISTING DATA. 
It has been established in section 6.7.1 that a number of angles may in fact be 
represented in these rocks. These angles must now be identified for comparison with 
pre-existing data as given in table 6.1. 
Fig. 6.13 shows histogram plots of the modes of the data as taken from tables 
6.2 to 6.4. These diagrams were plotted just to give a simplified impression of the 
variation shown by the data. Modes were chosen as these are the only true measures 
of the actual positions of the dihedral angles in these non-equilibrium rocks. The 
mean and median values will be distorted by the spread in the sizes of the angles 
observed due to the non-equilibrium state of many of the rocks concerned. Only the 
positions of the peaks should be noted and not the relative sizes of the peaks, as this is 
simply due to the bias of the sampling towards rocks of group I characteristics. 
In all the plots two main peaks are indicated : one at about 50 0 and one at 90-
100°, which may be interpreted as the melt wetting angle (preserved by lack of 
equilibration) and the equilibrium solid/solid angle respectively. For instance in the 
K-feldspar/K-feldspar angle plot, fig. 6.13a, there are peaks at the class intervals 50 0 
and 1000;  the smaller angle will be that of the preserved melt wetting angle, while the 
larger value is that of the equilibrium solid/solid dihedral angle. In fig. 6.13b the 
peaks are less well-defined. This is due to the number of different angles represented. 
A summary of the positions of the main peaks for the different angles studied 
is given in table 6.5. Also given in table 6.5 for comparison are the values of the 
equilibrium angles as given in table 6.1. on the basis of previous work. It can be seen, 
looking at table 6.5, that there is a fairly good correlation between the angles 
measured in the present study and the pre-existing data. There is, however, a 10- 15 0  
difference between the K-feldspar/K-feldspar-melt angle of Jurewicz and Watson 
(1985) and the proposed melt peak of the present study. The equilibrium melt wetting 
angle should, therefore, be smaller than found in the present study. This might be 
explained by the fact that the melt wetting angle was in the process of attempting to 
adjust to a higher solid/solid angle, thus the angles as a whole are pulled upwards 
slightly towards higher values. It would appear that this adjustment is slower in the 
quartz/quartz-melt angle, thus allowing the preservation of the true melt wetting angle 
for longer. This could be a function of the nature of the species required to diffuse 
from one location to another in the two different situations. Adjustment of the 
quartz/quartz angle requires the diffusion of large quantites of silica whereas 
adjustment of the K -feldspar/K- feldspar angle involves less silica and more alkalis 
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Figure 6.13. Histograms plots of the modes of the data presented in tables 6.2 to 6.4. 
TABLE 6.5. SUMMARY OF THE POSITIONS OF THE MAIN PEAKS FOR THE DIFFERENT ANGLES STUDIED, AND A 
COMPARISON WITH EXISTING DATA. 
ANGLE PEAK POSITION PRE-EXISTING SOURCE 
DATA 
Kf/K.f.melt* 1 	50-59 35-44 Jurewicz and Watson, 1985 
Kf/Kf-Qtz 100-109 105 Vernon, 1968 
Qtz/Qtzme1t* 50-59 50-59 Jurewicz and Watson, 1985 
Qtz/Qtz-Kf 90-99 105-I10oo Vernon, 1968 
Qtz/Qtz-Cd 70-79,100-109 - 
Qtz/Qtz-Bt 90-99 - - 
Qtz/Qtz-And 100-109 - - 
CdJCd me1t* 30-39,50-59 - - 
Cd/Cd-Qtz 90-99 - - 
Abbreviations: Kf- K-feldspar. Qt: - Quart:, Cd- Cordierite. B: - Biozite, And - Andalusite. 
* - Obviously melt is no longer present in the Ballachuhish rocks. These angles refer to the peaks found at smaller values which are thought to be pseudomorphing 
angles that the indicated phases might have had with the melt at one time. 
- These values in fact refer to the plaioc!aseIplagioclase-quar:: equilibrium solid angle. 
-4 
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As might be expected there is much better agreement between the measured 
solid/solid angles and the pre-existing data of Vernon (1968), as shown in table 6.5. 
6.7. CONCLUSIONS. 
Measurements of dihedral angles in these rocks show a large range. This 
range is thought to be a result of textural relationships present during the partial 
melting event being preserved as the rock cooled. This is supported by the 
observation that in group 1 rocks (abundant evidence of melting) there is a 
pronounced tendency for the measured dihedral angles to skew towards values less 
than 600, and more typical of angular relationships in partially melted rocks. 
Peaks at smaller dihedral angles compare well with the experimental work 
of Jurewicz and Watson (1985). The sizes of the melt wetting angles as measured in 
this study are given in table 6.5. Peaks at larger dihedral angles compare well with the 
data of Vernon (1968) on equilibrium solid angles. 
A closer approach to textural equilibrium is observed in the group 2 rocks. 
These rocks do not show much evidence of melt-related activity and therefore would 
probably always have consisted largely of solid phases. 
Cordierite/cordierite angles in group 2A rocks, in which it was expected 
that melt activity was at a minimum, indicated a much higher melt presence than was 
expected. 
A large number of different phases are observed to pseudinorph the late 
stage melt, particularly in the granulose and granitic sub-types of the Chaotic Zone 
(see chapter 4). These phases include K-feldspar, quartz, biotite, cordierite and 
possibly andalusite (data in the case of andalusite is perhaps not too reliable). The 
involvement of these phases in the above textures implies that they were part of the 
crystallisation sequence. 
CHAPTER 7. MODAL MINERALOGY AND BULK ROCK 
CHEMISTRY. 
7.1. INTRODUCTION. 
Modal analyses and bulk rock chemistry provide a means by which to further 
characterise differences between different leucosome types and other petrographic 
domains. In addition they provide a means of determining the likely compositions of 
partial melts of rocks of pelitic and semi-pelitic nature (see section 2.3). 
7.2. MODAL COMPOSITIONS OF THE PARTIALLY MELTED ROCKS. 
7.2.1. ALLT (]UIBI-ISACHAIN AND SGORR DHEARG. 
o%J 
Modal analyses were carriedon many of the different leucosome types found 
Within these rocks and are represented diagrammatically in fig. 7.1. As the main 
mineral constituents of these leucosomes are quartz and feldspar, quartz-albite-
orthoclase plots were considered most representative; full analyses are given in 
appendix H. Within fig. 7. 1, the data for different petrographic types and domains has 
been plotted on several diagrams, so that the differences between various leucosome 
types can be clearly illustrated. Generally, looking at all the compositions, it is seen 
that plagioclase content is limited throughout, only a small number of samples 
showing a significant albite content. This is probably a reflection of the bulk 
chemistry of the protolith, Appin Phyllite, which apparently did not contain a high 
Na20 or CaO content. 
Fig. 7.1(a) shows analyses of cross-cutting and layer-parallel leucosomnes from 
boudinaged samples. It can be seen that although there is some overlap, the layer-
parallel leucosomes tend to be more K-feldspar-rich than the cross-cutting 
leucosomes. In all but sample B14, the layer-parallel leucosome is more K-feldspar-
rich than the associated cross-cutting leucosome. Sample B 1 is a boudinaged 
structure from the Sgorr Dhearg metasedimentary block where instead of quartz, K-
feldspar is found as showing an interstitial relationship with the other phases In this 
sample, therefore, the crystallisation relationships between the phases differ (see 
section 3.4), and this may explain the associated difference in the distribution of 
compositions within the leucosomes. 
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Figure 7. 1. Quartz- albite-orthoc lase plots showing the modal compositions of 
different leucosome types found in the rocks of Ailt (Juibhsachain and Sgorr 
Dhearg. 
Cross-culling and layer-parallel leucosomes from boudinage samples. 
Uniform matrix types from breccia samples. 
Various types of discrete leucosomes. 
The leucocratic component of the small-scale networks. 
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It was proposed in section 3.3.1 that crystal relationships within these 
leucosomes imply that melt was once present. The consistent composition difference 
between the cross-cutting and layer-parallel leucosomes implies that there was some 
difference in the composition of the melt in these different areas. The implications of 
this will be discussed in section 7.4. 
Fig. 7.1(b) shows the modal compositions of uniform leucocratic matrix types 
taken from samples of breccia. K-feldspar-rich and ductile semi-pelitic leucocratic 
matrix, like most of the leucosome types in fig. 7.1, do not contain significant 
quantities of plagioclase. This is in contrast to plagioclase-rich leucocratic matrix 
which clearly plots towards the albite-rich apex of the diagram. Plagioclase-rich 
matrix at Alit Guibhsachain is restricted to those samples located close to the igneous 
contact (see section 3.2. 1) and it is possible that in these breccias there may have been 
some interaction with material derived from the igneous complex. Plagioclase-rich 
matrix is more widespread at Sgorr Dhearg, and at this location interaction with 
igneous material can also be seen on a macroscopic scale. Modal analyses of some 
diorite samples have been added to the diagram for comparison. It can be seen that the 
compositions of the plagioclase-rich matrix can be derived by mixing a dioritic 
composition with a K-feldspar/quartz composition more typical of leucosome types in 
less extensively melted rocks. This interaction most probably occurred at peak 
melting when the matrix around breccia fragments was largely molten and 
particularly vulnerable to interaction with externally-derived material from the 
igneous complex. Whether this externally-derived material took the form of a 
volatile-rich or silicate-rich fluid is open to question. However, the overall result 
would be the same, namely the introduction of Na2O and CaO and therefore a shift 
towards the albite-rich apex in the composition of the resultant solid phases on 
crystallisation. 
Fig 7.1(c) shows the modal compositions of various types of discrete 
leucosomes. Irregularly-shaped, discontinuous leucosomes and thin, layer-parallel 
leucosornes all show compositions lying along the quartz-orthoclase join. The coarse-
grained quartz-muscovite leucosomes, however, show a much higher plagioclase 
content. The quartz-muscovite leucosomes are thought to be late-stage phenomena 
possibly related to the phase II granite intrusion (section 3.2.2). An origin such as this 
from the igneous complex, rather than in situ partial melting, such as is thought for 
the discontinuous and layer-parallel leucosomes could explain the observed 
differences in composition. 
Fig. 7.1(d) shows two analyses of the leucocratic component of the network 
structures described in section 3.2.3. The very fine grain-size often exhibited by these 
networks made further modal analyses difficult. Both analyses are situated near the 
orthoclase-rich apex of the plot. 
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In summary, it can be seen that most of the leucosomes have modal 
compositions lying on or close to the quartz-orthoclase join. Samples exhibiting a 
significant proportion of albite are those where interaction with externally-derived 
igneous material is thought to have occurred. The samples lying on the quartz-
orthoclase join show considerable variation with respect to the ratios of these two 
phases. 
7.2.2. THE CHAOTIC ZONE. 
Easily identifiable leucosomés of the type found at Ailt Guibhsachain and 
Sgorr Dhearg are not common in the Chaotic Zone rocks, melt appearing to have 
remained much more intimately interspersed with residual material. In chapter 4, 
different groups were identified which exhibited variable petrographic characteristics 
thought in the main to reflect varying degrees of melting. Modal analyses of these 
groups have been carried out and are given in appendix U. Fig. 7.2 illustrates various 
aspects of the modal analyses from each of these groups. It should be borne in mind 
that many of these phases have probably not contributed significantly to the melt 
composition, whilst others, such as quartz and feldspar have. 
In fig. 7.2(a)-(c) it is observed that the modal analyses cluster into 
compositional groups which coincide with the petrographic groups as identified in 
chapter 4, i.e. there is an obvious relationship between the modal composition and the 
petrographic characteristics (and melt fraction) of the rock. In fig. 7.2(a) the analyses 
show a compositional spread from close to the orthoclase apex to compositions 
containing roughly equal proportions of quartz, orthoclase and albite. This 
corresponds to the transition from a rigid homfels fragment containing only small 
amounts of melt through laminated and granulose metasediment to granitic material 
containing very high melt fractions. Pervasive vein compositions are more variable. 
Fig 7.2(b)-(c) show similar correlations. In (b) and (c) the high melt fraction groups 
coincide with modal compositions poor in ferromagnesian or refractory minerals 
whereas low melt fraction rocks are rich in these minerals. The quartz to K-feldspar, 
or quartz to feldspar (K-feldspar and plagioclase) ratios remain roughly constant for 
the various rock types in these two plots. 
An important property shown by the above plots is that the high melt fraction 
rocks plot into very tight compositional ranges. In other words, there is remarkable 
consistency shown in the relative proportions of the phases in different samples of the 
high melt fraction rocks. It seems unlikely that the original, unmelted layers would 
have been so similar in their modal compositions, particularly as there is no such 
consistency with respect to the proportions of the more refractory mineral phases. Fig. 
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Figure 7.2. The modal compositions of different petrographic components of 
the Chaotic Zone rocks plotted according to various triangular parameters. 
Abbreviations:- Q-quariz, AB-albite, OR-orthoclase, CD-cordjerjie, BT-biotjge, AND-
andalusite, SIlL -sillj,nan lie. 
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7.2(d) concerns only the the more refractory minerals present in these rocks, with 
none of the leucocratic minerals represented. Notably, in this diagram the analyses no 
longer plot in tight groups showing a correlation between the petrographic 
characteristics and the modal composition. This implies that whatever is influencing 
the modal proportions of the quartz and feldspar phases in the previous three plots 
does not affect the proportions of the more refractory minerals. 
7.2.3. COMPARISON OF THE MODAL ANALYSES WITH 
EXPERIMENTALLY DEREVED PHASE DIAGRAMS. 
Fig 73(a) and (b) are quartz-albite-orthoclase plots showing the phase 
relations as experimentally derived by Tuttle and Bowen (1958) in conjunction with 
the modal analyses presented above. Initial melts in this system will show modal 
compositions coinciding either with the ternary eutectic or the binary eutectics 
(marked on the figure). Temperatures in the high grade aureole rocks are thought to 
have been in the range 650-720 0C (Pattison, 1985). Many of the leucosome types 
analysed from Alit Giubhsachain and Sgorr Dhearg are thought once to have been 
wholly melt. It might be expected therefore that their. modal compositions should 
coincide with those expected of initial melts in the quartz-albite-orthoclase or quartz-
orthoclase systems. Generally speaking it can be seen that there is poor 
correspondance between the observed modal compositions and initial melts. In fig 
73(a) most of the compositions lie within the quartz-orthoclase binaiy system. 
However, only one or two of the analyses plot close to the eutectic, with most 
analyses showing considerable departure from this composition. Temperatures in the 
aureole were not high enough for very high degrees of melting in this binary system 
to explain the departure from the eutectic composition and therefore some alternative 
explanation must be found. 
It is more difficult to compare directly modal analyses from the Chaotic Zone 
rocks with possible initial melt compositions as often the inclusion of residual grains 
in the mode must be considered. In fig 73(b) it can be seen that the bulk modal 
compositions lie well within the ternary quartz-albite-orthoclase system rather than 
close to the binary quartz-orthoclase system as above. It can be seen that the bulk 
compositions of many of the high melt fraction samples correspond quite closely to 
the ternary eutectic melt composition in the quartz-albite-orthoclase system. 
From another point of view, i.e. how the rock composition controls the amount 
of melting, it can be seen that the bulk modal compositions of most of these rocks 
(unlike those from Alit Guibhsachain and Sgorr Dhearg) lie fairly close to centre of 
the diagram, and therefore have compositions from which high degrees of melting are 
Alit Guibhsachajn and Sorr Dhearg 
AB 
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The Chaotic Zone 
Figure 7.3. Triangular plots showing the positions of the modal compositions 
shown in figs. 7.1 and 7.2 relative to experimentally-derived phase relations in 
two different ternary systems. 
Quartz-albite-orthoclase at PH20= 2000barS. (Tuttle and Bowen, 1958). 
Quartz-cordierite-orthoclase (approximated from Schairer, 1954). 
Abbreviations asforfig. 7.2. The analyses shown are the same as those given in the previous 




probable. Experimentally-derived phase relations as well as petrographic evidence 
thus supports the presence of high melt fractions in these rocks. Bulk compositions 
lying farther from the ternary eutectic will show lower melt fractions at comparable 
temperatures. This explains the marked correlation of modal composition and 
petrographic data on melt fraction commented on in the previous section. There is a 
strong compositional control on the degree of melting in these rocks. 
Fig 73(c) and (d) are quartz-orthoclase-cordierite plots. Superimposed onto 
these plots are the phase relations as derived experimentally by Schairer (1954). The 
phase relations shown in these diagrams refer to the anhydrous system and in fact not 
particularly appropriate to the aureole as it is more than likely that some water will 
have been available, at least initially (chapter 2). The possible effect of addition of 
water to this system is not known except that the eutectic temperature is reduced 
considerably (see chapter 2) and may thus be expected to lie within the temperature 
range of the aureole rocks. 
Fig 73(c) shows analyses from Ailt Guibhsachain and Sgorr Dhearg. The very 
low proportion of cordierite in these leucosome types results in most of the analyses 
lying once again within the quartz-orthoclase binary system and the strong departure 
from eutectic melting composition is again evident. Chaotic Zone rocks do contain 
significant proportions of cordierite and these analyses are shown in fig 73(d). 
Similar observations can be made in this diagram to those made in fig. 73(b), namely 
that the higher the expected melt fraction of each rock group, as estimated 
petrographically in chapter 4, the closer the group plots to the experimentally-
detennined eutectic. 
7.3. BULK ROCK CHEMISTRY OF DIFFERENT COMPONENTS OF THE 
PARTIALLY MELTED ROCKS 
Only samples of melt-bearing rocks from the Chaotic Zone were selected for 
bulk rock chemical analyses. This is because the very small dimensions of 
leucosomes in the less extensively melted rocks created difficulties when trying to 
separate enough material to analyse (minimum required for XRF analysis, 6g.). These 
analyses are given in appendix ifi. Fig. 7.4 shows two triangular plots of the 
analytical data. These are both Al203-KAI02-FeO plots, as favoured by both 
Thompson (1982) and Grant (1985), see also chapter 2. Phase relations and the 
expected composition of the initial melts in these systems have been marked on the 
figure. Note that the bulk chemical compositions of the very high melt fraction, 
granitic material samples plot within the compositional fields of initial melts in these 
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Figure 7.4. 	 triangular plots showing the bulk rock 
compositions of petrographic components of the Chaotic Zone rocks, some 
leucosomes frorn Alit Guibhsachain, and some urimelted rnetasediinentary 
layers from AM Guibhsachain. The shaded areas represent minimum melt 
compositions as proposed by a). Grant, 1985 and b). Thompson, 1982; 
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The compositions of low melt fraction groups, for example the homfels fragments, 
plot some distance from the melt composition. Moderately high melt fraction rocks 
plot in the vicinity of the melt composition but tend to be slightly enriched in M03 
and FeO. At high temperatures, these rock compositions should contain melt and 
solids (especially cordiente and biotite) in equilibrium with the melt. 
7.4. DISCUSSION. 
A number of points have been brought out in the previous sections:- 
Leucosomes from the less extensively melted rocks of Alit Guibhsachain 
and Sgorr Dhearg do not show modal compositions expected of partial melts in the 
relevant systems. In contrast, the modal compositions of high melt fraction samples 
from the Chaotic Zone do show a closer correspondance to the compositions expected 
of such partial melts. 
At Alit Guibhsachain and Sgorr Dhearg there is considerable compositional 
variation between different leucosome types, and there appears to have been a 
consistent compositional difference in melt occupying the the spaces between boudin 
fragments and melt in the associated layer-parallel leucosomes. 
In the Chaotic zone, there is a marked correlation between modal and bulk 
chemical compositions of different petrographical groups and melt fraction estimated 
using other petrographic means. This shows the influence of compositional control on 
the degree of melting observed in the rocks; rocks of particularly vulnerable 
compositions showing high degrees of melting. It is gratifying to note that rocks 
shown to have the appropriate bulk compositions in this chapter, are the same rocks as 
identified in previous chapters to have high melt contents using other lines of 
evidence e.g. crystal interrelationships and textural analysis. 
Modal compositions of the high melt fraction groups from the Chaotic Zone 
plot within remarkably tight compositional ranges with respect to mineral phases 
likely to be involved in the melting reactions (mainly quartz, feldspar and cordierite). 
The modal proportions of the more refractory minerals, such as the Al-silicates, do 
not show such consistency from sample to sample. 
Modal properties yet to be explained are the variation in the quartz/orthoclase 
ratio of leucosomes in the less extensively melted rocks, and, in contrast, the 
remarkable homogeneity in the modes and bulk compositions of the high melt 
fraction rocks from the Chaotic Zone rocks. The observation that melt may be 
distributed over a larger area than represented now by the leucosomes (especially in 
the Alit (Juibhsachain and Sgorr Dhearg rocks), and the possibility of diffusive 
processes within the melt phase playing a major role in controlling the final 
distributions of the solid phases during crystallisation has been introduced at the end 
of chapter 3. An important implication of this observation is that the solid phases 
making up a particular volume of leucosome do not fully represent the melt that 
occupied the same volume. This is because a significant volume of melt at peak 
melting was present as an intergranular phase within the rock adjacent to the main 
melt bodies (now present as leucosomes). This intergranular melt remained in contact 
with the melt within the main melt bodies and diffusive processes throughout this 
interconnected melt phase resulted in segregation of components to different areas 
(see section 3.3.2). This explains the commonly observed deviations with respect to 
the leucosomes from the expected initial melt compositions. 
The development of the above situation also provides an explanation for the 
observed differences between the melt compositions of the cross-cutting and layer-
parallel leucosomes. Petrographic evidence (chapter 3) suggests that the areas 
adjacent to the layer-parallel leucosomes were often melt-bearing, even melt-rich. 
This implies that diffusion of components between these adjacent areas and the 
leucosomes may have been active and will have significantly influenced the 
composition of the leucosome. Directly adjacent to melt occupying the cross-cutting 
fractures are the more refractory boudin fragments which contain very little melt. 
Diffusion in these situations is likely to have been more restricted, and thus the 
composition of the crystallised solid phases in these areas will more closely resemble 
that of the original melt. (Notice in fig. 73(a) that it is analyses of the cross-cutting 
leucosomes which are found near the binary eutectic on the quartz-orthoclase join.) 
In the more extensively melted rock of the Chaotic Zone, again diffusive 
processes were seen as an important influence on the distribution of the solid phases 
on crystallisation of the melt. As shown in fig 4.3 either accentuation of the foliation 
or overall homogenisation of the layering can occur in these rocks. This is dependent 
on how quickly the solid phases can re-equilibrate (either by precipitation or 
adsorption) with the melt following changes in the melt composition due to diffusion 
(see section 4.4.2 for full discussion). 
It is observed that in fig. 7.2(a)-(c)there is a noticeable clustering of the modal 
compositions of different high melt fraction samples. These plots involve phases 
which are thought to be important in the melting reactions active in these rocks 
(chapter 2). Diffusion within the melt of the components necessary for precipitation of 
these phases will be extremely important in dictating the distribution of these phases 
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following crystallisation. The very close grouping of the modal compositions of high 
melt fraction samples from different localities may be an indication that 
homogenisation within the melt is at a quite advanced stage. The distribution of the 
more refractory phases will not be affected by diffusion in the melt, being lni g 
controlled largely by pre-melting foliation (or perhaps physical movements related to 
movements of the melt phase). This is supported by the observed lack of clustering in 
the modal proportions of the refractory phases. 
The phenomena noted above emphasise the importance of realising that the 
melt may not have been restricted to the area now represented by the leucosome, and 
that melt often forms an interconnected body over a larger volume. It also provides 
further evidence to support the importance of diffusive processes during 
crystallisation of the melt in these partially melted rocks. Such processes have a 
profound influence on the distribution of the solid phases following cooling. 
CHAPTER 8. A STABLE ISOTOPE STUDY OF THE HIGH 
GRADE PARTIALLY MELTED ROCKS. 
8.1. INTRODUCTION. 
Consideration of stable isotope data is a very useful technique to use when 
approaching problems involving the movement of mobile phases (either magmas or 
volatile-rich fluids) and their possible interactions with surrounding material. 
Particular rock groups and fluids have characteristic 180/160  values. Deviations 
from these characteristic values imply that isotopic exchange has occurred and are 
therefore good indicators of fluid-rock interactions. For example, Taylor (1977) and 
Criss and Taylor (1986) review isotopic studies in which this principle has been used 
to provide evidence for the deep circulation and interaction of heated meteoric waters 
with granitic plutons. 
180/160 ratios coupled with other isotopic data e.g. D/H, 87Sr/86Sr ratios are 
particularly useful in deducing the source region, and pre-emplacement history of 
magmatic material e.g. studies on the Scottish Caledonian granitoids (Halliday, 1983; 
Harmon, 1983). Recently Hoemes et i  (1988) carried out a study of this type on the 
Ballachulish complex and deduced a deep crustal origin for the magma with 
significant later contamination by assimilation of 180-rich upper crustal level 
material. 
As well as whole rock variability in isotopic composition, co-existing 
minerals show isotopic variability. It has been noted that, at isotopic equilibrium, a 
given sample shows a consistent order of 180-enrichment in the different mineral 
phases present (Taylor and Epstein, 1962a,b; Shieh and Taylor, 1969a). This 
variation is related to the chemical composition of the minerals concerned (Taylor 
and Epstein, 1962a; Garlick, 1966), silica-rich minerals tending to concentrate Igo 
relative to silica-poor minerals. 
The fractionation behaviour of isotopes is further dependent on temperature, 
with the notable exception of some D/H mineral-water fractionations, which over 
certain temperature intervals are temperature independent (Graham et a!, 1984; 
211 
212 
1987). Temperature dependence usually follows the approximate relation:- 
61 -ö2=A(lO6iT2)+B 
where A and B are constants, related to the identities of phases, as deduced by 
experimental means or measured from natural examples, T is temperature in K, and 
is the isotopic composition of the phase in question relative to some standard, SMOW 
in the case of oxygen analyses:- 
81 = [(R1 - RSMOW)/RSMOW] X 1000 
where R is the ratio of the heavy to the light isotope (180/160  ratio). The derivation 
of this relation will not be dealt with further here, useful explanations are given in 
Faure (1988). 
Variation of isotope fractionations with temperature has allowed the use of 
isotopic compositions of mineral pairs to estimate the temperature of equilibration. If 
all the minerals in a particular rock equilibrated isotopically at the same temperature, 
then temperature estimates from different mineral pairs should be.. concordant. 
ñpt314t-u1. Thus temperature concordance was proposed as a means to test the 
approach of a mineral assemblage to isotopic equilibrium (Clayton and Epstein, 1961; 
Taylor et at, 1963; Taylor and Coleman, 1968; Javoy et al , 1970; Deines, 1977; 
O'Neil, 1986). 
Thus if the minerals equilibrate with each other via an interacting fluid 
reservoir, at some peak temperature, and the resultant isotopic compositions are 
preserved as the rock cools, different mineral pairs should damfew give concordant 
temperature estimates. Deviations from temperature concordance, and isotopic 
"reversals" where minerals do not show the expected order of 18 enrichment have 
been conventionally interpreted as representing lack of isotopic equilibration and are 
discussed as such (Hoefs and Epstein, 1969; Bottinga and Javoy, 1975; Hoernes and 
Fnedrichsen, 1980). The main cause of disequilibrium was stated as the incomplete 
overprinting of the primary equilibration event with a second event. This second 
event often consisted of interaction of a post-crystallisation low temperature fluid 
which equilibrates to a much greater degree with those minerals susceptible to low 
temperature exchange. Interaction of such a fluid will thus alter the isotopic 
compositions of only selected mineral phases thus causing deviations from the 
equilibrium sequence. 
It became apparent to certain authors that temperature discordance was, in 
fact, more common than concordance (Deines, 1977; Javoy, 1977; Hoemes and 
Friedrichsen, 1980). Is the initial equilibration event then always partially 
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overprinted by a second? Using temperature concordance to test for isotopic 
equilibrium does not take into account the fact that some minerals may continue to 
undergo isotope exchange after others have ceased. 
With the advent of analytical techniques such as the ion microprobe, it has 
been possible to study diffusion behaviour within different mineral phases in some 
detail. Abundant information is now available as to the diffusion rates of different 
elements through various minerals and the different variables influencing those rates 
(Giletti et al, 1978; Yund and Anderson, 1978; Dennis, 1984; Giletti and Yund, 1984; 
Graham and Elphick, 1989). 1 80 diffusion rates in different minerals vary; and as 
well as temperature, diffusion can depend on other factors such as fluid pressure, and 
aH. 
As a mineral cools, there is a certain temperature below which isotopic 
exchange becomes infinitely slow (Dodson, 1973). This temperature is known as the 
closure temperature of that mineral. Some minerals can be closed to isotopic 
exchange at temperatures below which other minerals are still exchanging. The 
degree of equilibration of different minerals thus varies as cooling progresses. if a 
rock has cooled slowly, it is therefore expected that there should be a lack of isotopic 
equilibrium. 
A method has been developed by Giletti, 1986, to model the expected isotopic 
compositions of minerals taking into account the various factors mentioned above. 
Fundamental to Giletti's work is the point that isotopic exchange between the 
constituent minerals will NOT cease at a single unique temperature i.e. concordant 
temperatures will not be expected unless the rock has cooled very quickly. Quenching 
will tend to "freeze" in the high temperature compositions, and may produce an 
assemblage of minerals which do show the isotopic compositions expected in an 
equilibrium situation (at the quench temperature). Giletti's approach allows modelling 
of the expected final isotopic compositions of minerals in a slowly cooled rock given 
that one by one the different minerals will become isolated from the exchange 
system, and thus further equilibration, as the temperature falls. 
It should be borne in mind that low temperature fluids may still play a part in 
the history of some rocks. The introduction of a post-crystallisation fluid at low 
temperatures may affect some minerals but not others. A few minerals only might 
show shifts from their expected final isotopic compositions. Thus only certain 
minerals will record the effects of this late fluid. Different minerals can therefore 
preserve the record of more than one fluid episode. 
As well as equilibration between minerals within a particular assemblage, it is 
possible to study the degree of equilibration between assemblages. Another important 
aspect of stable isotope geology is therefore the use of the degree of local isotopic 
homogenisation as a measure of communication and thus equilibration between 
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different rock layers. This can be used to assess the extent of fluid activity. If the 
isotopic composition of a particular mineral is the same regardless of the assemblage 
in which it occurs (and the temperature is constant) i.e. there is large scale isotopic 
homogeneity regardless of chemical variations or inhomogenous metasedimentary 
layering, then it can be deduced that the rock as a whole has interacted with large 
amounts of an all-pervading, infiltrating fluid of uniform composition (Taylor et al, 
1963). 
In some areas this homogenisation may not be complete i.e differential 
achievement of equilibr ia tion has occurred in different metasedimentary layers. ilus 
implies that the infiltrating fluid has been channelled along particular layers and is 
therefore a measure of the permeability of different layers (Taylor and Coleman, 
1968). 
In contrast to the concept of a pervasive fluid is the concept of isotope 
exchange locally between adjacent mineral grains and rock layers. Isotopic exchange 
in these situations is brought about through internal processes such as exchange with 
a static pore fluid or through devolatiisation reactions. The extent of local 
homogenisation is therefore a measure of the amount of communication between 
different rock layers and/or minerals and is therefore an indicator of the amount of 
fluid activity (Anderson, 1967; Rumble et al, 1982). 
Several of the approaches outlined above are of relevance in consideration of 
the high grade rocks of the Ballachulish aureole. The following sections describe 
some recent work carried out on the complex, and then, in more detail, the aim, 
results and conclusions of the present study. 
8.2. RECENT ISOTOPIC STUDIES ON THE BALLACHULISH 
As mentioned briefly in the introduction an 180/160,  D/H isotopic study has 
recently been carried out on the Ballachulish Complex by Hoemes et_at, 1999. This 
study primarily concentrated on the igneous complex, the source and pre-
emplacement history of the magma (mentioned earlier) and fluid processes active 
during crystallisation of the pluton. The following paragraphs are a brief summary of 
the conclusions of this study. 
The observed increase in whole rock 8D and H20+  contents towards the 
margins of the phase I diorite which is not coupled with evidence of hydrothermal 
alteration and therefore influx of fluid derived from the adjacent country rocks, could 
be attributed to rapid crystallisation impeding degassing processes. Degassing 
processes result in D/ll fractionation with concentration of the heavier D isotope in 
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the vapour phase. Such processes are thought to be active away from the margins 
resulting in loss of D-rich vapour upwards into country rock. 
The phase I diorite is thought to have been quite cool by the time the phase 11 
granite was emplaced, and therefore acted as an impermeable barrier to any outward 
movement of related fluid. These fluids are thus concentrated inwards then upwards 
explaining a core of intensely altered material within the granite. Fluid 
communication between the two phases, I and II, is thought to have been minimal. 
Mineral separate data from various igneous samples were used to test the 
method outlined by Giletti (1986) for prediction of the isotopic mineral compositions 
when given information such as the cooling rate, diffusion coefficients and the modal 
mineralogy of the rock concerned. This particular aspect of the study is discussed 
further in section 8.7.3. 
As part of the Hoemes et 4 study, whole rock data from the metamorphic 
aureole was collected in order to assess the amount of fluid interaction between the 
igneous pluton and its surrounding country rock. Several traverses from the outer 
limits of the aureole to the igneous contact were investigated. S, SW and W traverses 
through Leven Schist lithologies were found to show a lowering of the 1801160 ratio 
as the contact was approached. This observation was thought by Hoemes et[ to 
imply isotopic exchange with the pluton. The size of this exchange zone varies and 
may extend to the outer limit of the aureole in the south. Leven Schist from a NE 
traverse would appear to have been additionally affected by late D-rich fluids from 
the phase II granite. In an B traverse involving Appin Phyllite lithologies isotopic 
ratios remained constant. It was concluded that fluid interaction between the pluton 
and adjacent country rock was limited but may have been locally quite important. 
Some more detailed isotopic work on the aureole rocks was carried out by 
Hoernes and Voll (1990) on the Appin Quartzite. A study of quartz and feldspar 
mineral separates revealed considerable heterogeneity in both mineral phases. The 
lack of equilibration between even the feldspar crystals, in which diffusion is 
relatively rapid, implies that fluid activity must have been very low indeed. Also, as 
there is no lowering of 5 180 as the igneous contact is approached, indications are 
that there was no interaction with fluids originating from the pluton. 
8.3. AIMS OF PRESENT ISOTOPIC STUDY. 
The present study focusses on the high grade, partially melted pelitic/semni-
pelitic rocks of the metamorphic aureole. Based on petrological evidence (chapters 3 
and 4) the extent of melting is geographically variable. The main aims of the present 
study are therefore to compare areas of contrasting degrees of melting and to:- 
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Try to establish a local metasedimentary origin for the melts. This should 
be achieved by comparison of the different types of melt-related phenomena with the 
surrounding homfels environment. 
Attempt to place constraints on the origin of any fluids that may have been 
present in the rock (fluids are required to facilitate the observed degrees of melting, 
see chapter 2). For instance are the fluids internally or externally derived? 
Assess the attainment of isotopic equilibration between the different 
mineral phases in the rock. 
Deduce whether more than one fluid episode may have affected these 
partially melted rocks. 
Assess the degree of isotopic homogenisation at the different locations, and 
use it as a measure of the isotopic equilibration and hence communication between 
different melted layers. 
Consideration of the above should allow discussion of the source and 
distribution of fluids in the high grade rocks of the aureole, and the behaviour of the 
melt phase. Although isotopic data alone cannot provide a completely unambiguous 
conclusion, coupled with petrological evidence they can provide a very strong 
framework on which to base interpretations. 
8.4. ANALYTICAL TECHNIQUES. 
8.4.1. ISOTOPIC ANALYSIS. 
Oxygen isotopic analyses were carried out at the S.U.R.R.C. Stable Isotope 
Laboratory at East Kilbride using standard techniques. The method used was that 
described by Clayton and Mayeda, 1963, modified by Borthwick and Harmon, 1982. 
The reagent used to liberate 02  from the samples was chlorine tn-fluoride (CIF3). 
The samples were pre-heated initially at 200 0C for one hour to remove any moisture 
and adsorbed water. After a brief pre-fluorination to ensure that any adsorbed or 
degassed water is converted to oxygen and pumped away, excess reagent was added 
and the sample left to react overnight at 670 0C. 
The 02  released by the reaction was then converted to CO2 and collected for 
mass spectrometric measurement. Measurement of 8 180 was carried out on a V.G. 
SLRA 10 mass spectrometer. Analytical precision is +/-0. 1 1/co and a NBS28 silicate 
standard gives a 8180  value of 9.5611bo (SMOW). The spread on real samples due to 
geologically introduced heterogeneity is +/-0.20/00. 
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8.4.2. MINERAL SEPARATION. 
The details of the different mineral separation techniques used are given in 
appendix I. Initially a crude separation was carried out to separate quartz and feldspar 
from the rest of the rock. The phases making up the remainder of the rock consisted 
of magnetite, ilmenite, biotite, cordierite and andalusite, all of which possess 
magnetic properties, their strength decreasing in the order given. These remaining 
phases were further separated, if required, on the basis of their differing magnetic 
properties. 
Quartz and feldspar are non-magnetic. Their densities do, however, differ, and 
they can be separated using heavy liquid techniques. Quartz is denser at 2.65g/cm 3, 
and orthoclase ranges from 2.55 to 2.63g/cm3. Plagioclase also exhibits a range; 
2.63-2.759/cin3 which is related to Na/Ca ratio. Densities are taken from Deer, 
Howie and Zussman, 1966. 
The overlap in the densities of quartz and plagioclase leads to a real 
possibility of contamination of the usually quartz-rich heavy fraction by some or all 
of the plagioclase. Indeed it was impossible to produce liquid (tetra-bromoethane plus 
increments of carbon-tetrachloride, see appendix I) of a density in which all the 
plagioclase floated. It was found that plagioclase both sank and floated, therefore 
contaminating both the quartz-rich fraction and the K-feldspar-rich fraction. The K-
feldspar-rich fraction would appear to be the worse affected. Identification of the 
mineral phases present in the different mineral fractions was reliant on refractive 
index properties or, if necessary, X.R.D. techniques. 
As plagioclase rarely exceeds 20% of the leucocratic minerals as a whole, it 
was assumed that plagioclase contamination of both the heavy and the light fraction 
must be less than that amount. Furthermore, most of the plagioclase would seem to 
float, bringing up the question as to whether contamination of the heavy quartz-rich 
fraction can be assumed insignificant, bearing in mind that plagioclase is often 
isotopically similar to quartz in composition and it would require large amounts to 
significantly alter the composition of the quartz. 
In order to test this assumption certain selected quartz fractions were treated 
with fluorosiicic acid using a technique outlined by Ainsworth (pers. comms.), based 
on Syers et al (1968). This acid attacks and dissolves silicate phases such as feldspar. 
Quartz is susceptible but more resistant to such an attack. In samples treated in this 
way for a carefully regulated period of time, feldspar will gradually dissolve away 
leaving a pure quartz separate. However, if left for too long quartz also will start to 
dissolve. 
Fig. 8.1. shows X.R.D. traces of a sample before and after such treatment. 
Notice the much reduced size of the feldspar peaks, at 21.9, 23.5, 24.3 and 27.9A, 
TABLE 8. 1. OXYGEN ISOTOPE COMPOSITION (%o SMOW) OF QUARTZ BEFORE AND AFTER TREATMENT WITH 
FLUOROSILICIC ACID. 
SAMPLE 3180 N1J1'4BER 8180 DIFFERENCE 
BEFORE OF DAYS AFTER IN 
TREATMENT TREATED TREATMENT COMPOSITION 
(%o) (%o) (%o) 
C7 14.61 5 14.49 -0.12 
ClOb 14.86 5 14.89 +0.03 
A4 13.20 6 12.81 -0.39 
D315 11.76 6 12.67 +0.91 
D426 11.25 6 11.68 +0.43 



















Figure 8.1. X.R.D. traces of a quartz separate before and after treatment with 
fluorosilicic acid. 
I Igneous Whole Rock Rang. (Ho.rn.s it at 1890) 
I Leven 8chIet - Zones I-V (Hosrn.s it at 1990) 
ChaotIc Zone 
I 	89orr DPI.arg Mstassdlmsntary Screen 
	
I 	Appin Phyflft. - Zones I-V (Ho.rn.s it at 1990) 
1 	At Oulbhsichaln RIdg. 
6 	7 	8 	a 	10 11 12 13 14 16 16 17 
Whole rock 8180 (%o SMOW) 
Figure 8.2. Diagrammatic summary of the whole rock data given in table 8.2. 
(Protolith for the Chaotic Zone = Leven Schist, Ailt (Juibhsachain and Sgorr 
Dhearg = Appin Phyllite). 
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indicating the increased purity of the sample. Table 8.1. shows ö 180  values found for 
samples before and after purification, and the resultant compositional difference. In 
four Out of the six samples analysed the difference is less than O.S%c. Furthermore, it 
can be seen that the observed differences do not show a consistent pattern e.g. 
consistently higher or lower than the original values. It might be expected that 
removal of plagioclase, which is generally isotopically lighter than quartz, might 
cause a consistent increase in the 8180  values. This is not observed, and it is 
therefore assumed here that for the majority of the samples plagioclase contamination 
of the quartz fraction does not significantly affect the final 8 180. 
Purification of the K-feldspar fraction, unfortunately, could not be attempted. 
K-feldspar 8180  values must therefore be treated with care as they may be influenced 
by the plagioclase content. 
8.5. RESULTS. 
A number of rocks were selected from sample suites collected from Alit 
Guibhsachain, Sgorr Dhearg and the Chaotic Zone in order to carry out whole rock 
and mineral separate 180/160  isotope analysis. 
The results of the whole rock analyses are given in table 8.2. Certain of these 
samples were further selected for analysis of mineral separates. The results of mineral 
separate analyses are given in table 8.3. Individual samples, if possible, were 
repeatedly analysed until a satisfactory replication was achieved i.e. showing a 
maximum deviation of 0.2'Yoo from the mean value. Usually repeating a sample up to 
three times was enough to define this range. Occasionally a sample had to be repeated 
many more times before acceptible replication was achieved. The reason for this 
variation is not known, as there is no recognisable common petrological factor 
possibly responsible for this effect. In general, less replication was required for 
mineral separates than for whole rock samples. This was expected as heterogeneities 
in a whole rock sample may be induced by the mixture of phases present. 
Notice that sample A58, which shows poor reproducibility in the whole rock 
analysis, also shows unexpectedly poor reproducibility in the quartz separate. It is 
possible that this is due to a mixture of different generations of quartz being present; 
residual quartz grains surrounded by a matrix which contains further quartz having 
crystallised from the melt (see chapter 4): 
To test for this, different sieve fractions were analysed. The residual quartz 
grains are much larger than the matrix quartz and a coarse sieve fraction will 
therefore consist purely of the residual quartz, whereas a fmer sieve fraction might 
contain a mixture of both. It was found that there was, in fact, a l%o difference 
TABLE 8.2. WHOLE ROCK OXYGEN ISOTOPE COMI'OSITIONS • 
SMO%%') OF ROCKS FROM ALLT (;UIBIIsACIIAIN, S(()RR, THE 
CHAOTIC ZONE, AND SOME ADDITIONAL LEVEN SCHIST 
LOCALITIES (PATI'ISON, 1985). 
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(A) ALLI (;IuBIISAcIIAIN RIDGE 
ME'IASEDIMENTARY LAYERS 
Sample 	Results 	Mean 
CL7 11.38 12.03 
12.67 
C6 11.02* 13.59 
13.37 
13.80 
C7 13.61 13.62 
13.63 
C9 13.56 13.67 
13.78 
ClOb 12.92 13.23 
13.53 








C29 13.43 13.78 
13.63 
14.27 
C3513-2 13.96 14.04 
14.12 




Sample Results Mean 

















K. M .S. 
Sid. Dcv. 
0.87 






C35B-1 13.25 14.53 1.12 
14.39 
15.95 
C35L 14.42 14.89 0.44 
14.78 
15.47 
C40H 13.10 13.33 0.22 
13.55 
C40L 13.41 13.84 0.43 
13.67 
14.43 
C49H 12.68 12.68 




C56AH 12.45 12.45 
C56AL 11.13 11.89 0.76 
12.64 
OTHER MELT-RELATED PHENOMENA 
Sample Results Mean R.M.S. 
S(d. L)ev. 
P/a gioc! se-rich matrix 
C48L 13.70 13.71 0.01 
13.72 
Quartz muscovite veins 
C41 13.47 13.47 
C62 13.84 14.24 0.29 
14.37 
14.52 
(Ii) s;ORR UIIEAR(; ME1'ASEI)IMENTARY SCREEN 
Sample Results Mean R.M .S. 
SId. Iie. 
Hornfels - /eucosome pairs 







B18-11 	13.12 13.17 0.05 
13.21 
14 . 28* 




BI 	 11.31 11.20 0.03 
11.37 
Igneous complex 
B15 	 10.03 11.20 1.17 
12.37 
B16 	 9.81 10.84 0.67 
11.14 
(C) CIIAO'FIC ZONE 
Sample 	Results Mean R.M.S. 
Sid. Dcv. 
Hornfels fragments 
A30 	 10.28 10.50 0.22 
10.71 







A4 	 10.66 11.86 0.25 
11.61 
12.10 
A59 	10.73 10.82 0.09 
10.91 
Granulose metasediment 
A22 	 10.88 10.88 






11 . 87k 





A2h 	 1 l.99 
	
11.99 


















A32 11.93 11.93 
A33 10.85 10.85 
A46X 11.65 11.65 
A49 10.33 10.33 
Cracked veins 
A27CV 10.24 10.51 
10.77 
Q uar:z-nwscovile veins 
A13 11.98 12.50 
13.01 
A52 10.53 11.60 
12.66 
(0) OTHER LEVEN SCHIST LOCALITIES 































R.M.S. Sid. Dev. - roof mean square standard deviation. 
* - these values were not included in the calculation of the mean as 
they were subject to analytical uncertainty, e.g. unusually low oxygen 
yields etc. 
TABLE 8.3. MINERAL SEPARATE OXYGEN ISOTOPE COMPOSITIONS (%c SMOW). 
(BRACKETED FIGURES BELOW THE MEAN ARE THE ROOT MEAN SQUARE STANDARD DEVIATION). 
(A) ALLT GUIBHSACHAIN RIDGE 
Sample 6 1 8() Quartz Feldspar Biotite 
Whole Rock Results 	Mean Results 	Mean Results Mean 
C7 12.03 12.92* 14.57 13.92 	13.92 8.37 8.37 
14.49 (0.09) 3.62* 
14.52 
14.70 
ClOb 13.23 14.85 14.87 13.90 	13.90 6.84 6.84 
14.87 (0.02) 
14.89 
C55 13.89 15.31 15.46 
15.60 (0.15) 
C49H 12.68 13.4 13.270 
13.49 (0.23) 
C49L 	I 12.72 14.38 14.41 14.90 	15.11 7.56 7.66 
14.44 (0.03) 15.31 (0.21) 7.75 (0.10) 
22.09* 9.03 
C56AH 12.45 13.53 13.58 
13.62 (0.05) 
C56AL 11.89 13.10 13.23 
13.36 (0.13) 
C62 14.24 15.50 15.88 




• 	 29.17* 
TABLE 8.3 (continued) 
(B) THE CHAOTIC ZONE. 
Sample 	518() 
Whole Rock 

































































TABLE 8.3. (continued) 
CHAOTIC ZONE cont. 
Cordierite 	 Opaque 





















9.70 (0.05) 5.11 (1.65) 
6.32 
9.02 
TABLE 8.3. (continued) 
(C) OTHER LEVEN SCHIST LOCALITIES 
Sample 8180 Quartz 
Whole Rock Results Mean 
D315 11.66 10.34 11.59 
11.76 (0.96) 
12.67 
D358 10.63 10.45* 13.01 
12.93 (0.08) 
13.08 
D426 10.13 11.25 11.87 
11.68 (0.60) 
12.68 
D428 10.10 9.27 9.84 
10.41 (0.57) 
D432 9.98 10.25 10.89 
• 	 11.53 (0.64) 





between analyses from different sieve fractions, a coarser 80 mesh fraction giving a 
8180 value of 11.1l%, and a finer 90 mesh fraction, 12.127co. It would appear 
therefore that the residual quartz is isotopically lighter than the quartz crystallising 
subsequently from the melt in this particular sample. However, quartz separates from 
most of the samples gave results which exhibited the expected reproducibility, even 
though textural evidence implies that many of these also contain quartz of different 
generations. Isotopically lighter residual quartz may not, therefore, be the norm. 
K-feldspar separates, on the other hand, often showed poor reproducibility. 
This could be due to the fact that feldspars in general often show petrographic 
evidence of sometimes quite severe alteration, or alternatively it could be related to 
the variable influences of plagioclase contamination. 
It was difficult to achieve the required purity in cordierite separates as this 
mineral is often full of inclusions too fine-grained to separate. These inclusions 
generally consist of a high proportion of quartz and feldspar, and thus the measured 
8180 values are possibly isotopically heavier than their true values. Although it is 
possible to get acceptibly pure separates of opaque minerals, they are very refractory 
and it is notoriously difficult to extract the oxygen efficiently during the fluorination 
process. The resultant isotope analyses are therefore often suspect. The range of & 8 
values measured in the two samples analysed indeed shows such a large range that it 
is impossible to identify the true value. Data from these minerals given in table 8.3. 
are to be treated with caution for these reasons. Biotite, the final mineral included in 
table 8.3, shows generally good reproducibility. 
The whole rock data are summarised diagra.matically in fig. 8.2. The low 
values recorded at Sgorr Dhearg, considering that it consists of the same protolith 
(Appin Phyllite) as the Alit Giubhsachain rocks lying outwith the pluton, probably 
indicate an igneous influence. The igneous rocks range from 7.5 to 10.911bo, Hoemes et 
, 1990 (also shown in fig. 8.2.). The Chaotic Zone samples, as a whole, show a 
180 range below that of both Sgorr Dhearg and Alit Giubhsachain rocks. This may 
be either due to the fact that the Chaotic Zone consists of different protolith material; 
Leven Schist, which may have differed isotopically from the Appin Phyllites, or, as 
suggested by Hoernes 1990, it may be due to interaction with isotopically light 
fluids derived from the igneous complex. Also shown in fig. 8.2 are the data of 
Hoernes et al for Appin Phyllite and Leven Schist of the entire aureole (zones Ito V). 
This will be discussed in section 8.9. 
The more detailed implications of the whole rock data, as well as the mineral 
separate results are discussed in the following sections. 
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8.6.ORIGIN OF MELTS. 
If melts are locally derived they should show an isotopic composition which 
can be related to that of the adjacent hornfels. The isotopic composition of the melt 
will be a function of which minerals were involved in the melting reactions. These 
will tend to be the isotopically heavier leucocratic minerals, and hence the melt will 
tend to have a slightly higher 8180  value than the parent hornfels. Externally-derived 
melts will show isotopic compositions which bear no relation to the adjacent homfels. 
A further complication to be considered is the possibility of interaction with 
externally-derived isotopically light fluids from the igneous complex. These will tend 
to cause shifts towards lower 8 180 values. The effects of interaction with such a fluid 
will be dependent on stage in the melting historythe infiltration occurred. 
Fig. 8.3. illustrates schematically the possible alternatives discussed in the preceding 
text. 
The rocks analysed were specifically selected to represent the different types 
of melt-related phenomena in the partially melted rocks. For Alit Guibhsachain it was 
possible to separate many of the different leucocratic veins and segregations from the 
directly adjacent hornfels, allowing direct comparison of the two. These samples 
were selected primarily to approach the problem of whether the segregations were 
locally or externally derived. In two breccia samples from Sgorr Dhearg, hornfels 
fragments were separated from their matrix. In the Chaotic Zone discrete segregations 
are found in the form of pervasive, "cracked" and late-stage veins. In general, 
however, identifiable leucocratic segregations like those in Alit Giubhsachain and 
Sgorr Dhearg are not abundant; melt is often intimately intergrown with the residual 
material. In the Chaotic Zone, therefore, samples believed to represent a range of melt 
fractions, as defined in chapter 4, were analysed. 
For the Alit Giubhsachain and the Sgorr Dhearg rocks it is possible to 
compare directly the leucosomes with the adjacent homfels (see fig 8.4.It can be seen 
that in all cases, the isotopic composition of the leucosomes is very similar to the 
corresponding homfels composition; any differences are usually less than 0.57bo, and 
never exceed 1 .0%o. 
In most cases as expected the leucosome is slightly isotopically heavier than 
the associated homfels. It should be possible, given data concerning modal 
mineralogy and the isotopic compositions of the minerals present, to calculate how 
much higher the leucosome 8 180 should be. This could then be a test of isotopic 
equilibrium between leucosome/homfels pairs. However, as will be seen in the next 
section, 8.7, many of the samples show internal dicrepancies with respect to the 
expected equilibration sequence between minerals. If isotopic equilibrium is not 
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Figure 8.3. Schematic illustration of possible fluid interaction 
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Figure 8.4. Alt Guibhsachain ridge and the Sgorr Dhearg metasedimentary screen 
- Comparison of the whole rock 6180  compositions of leucosomes with the whole 
rock 8 1 80 compositions of the adjacent homfels. The samples are arranged in 
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8.5. Graphical representation of the relationship between whole rock 8 180 
compositions of homfels/leucosome pairs from Alit Guibhsachain and Sgorr 
Dhearg. 
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present within the samples, then calculations like those described above cannot be 
used to test isotopic equilibrium between samples. 
In -&r cases, the very small increases in 8 180 for leucosonie over adjacent 
hornfels suggest that mineralogical differences and not isotopic disequilibrium is 
implicated. Invoking isotopic disequilibrium requires that the leucosomes were 
introduced from some external, isotopically heavy source. In ire.e samçe.s 
the leucosomes are lighter than the corresponding homfels: samples B 18. 
C56A, and C21. One of these samples, B 18, is from Sgorr Dhearg, where interaction 
with isotopically light fluids, or indeed magma, derived from the igneous complex is 
likely. The Alit Guibhsachain sample, C56A, is a plagioclase-rich homogenous 
matrix, where again there is reason to believe there has been interaction with an 
igneous source. The data from the last sample, C21, from Alit Guibhsãchain, are not 
well constrained analytically, (see table 8.2) and may be unreliable. 
It might be expected that the second Sgorr Dhearg breccia sample, B5, should 
also show an isotopically lighter leucosome. in this sample both the matrix and the 
hornfels fragments are isotopically light, implying that both components were 
influenced by an isotopically light source. This sample consisted of a few randomly 
orientated fragments surrounded by coarse-grained matrix closely resembling the 
quartz-diorite, but enriched in K-feldspar. It had a very high matnx/hornfels ratio 
compared to the other samples which suggests that interaction between the fragments 
and the surrounding matrix might be enhanced. 
Fig 8.5. shows another way of comparing the leucosome/hornfels pairs. Again 
the very good correlation between the pairs is illustrated; not only does a simple 
straight line relationship exist between the analyses, but also y = x. if the melt had 
originated elsewhere, it would have had a relatively constant isotopic composition 
irrespective of the surrounding hornfels composition (assuming that extensive 
equilibration between this externally-derived melt and the homfels did not occur). in 
this case the leucosome analyses should lie on a line of shallow gradient, with the 
intercept with the y-axis allowing an estimate of the isotopic composition of this 
infiltrating melt. 
For the Chaotic Zone rocks, it is more difficult to directly compare 
leucosome/homfels pairs due to the frequently observed tendency for the melt to 
remain intimately intergrown with the residual material. The penetrative vein systems 
show evidence of having been more mobile than the segregation types observed in 
the other locations, and may not necessarily be related to the immediately adjacent 
horniels, having moved a finite distance from the point of formation. The different 
melt-related phenomena of the Chaotic Zone are represented in fig. 8.6. Again it cu 
be seen that there is very little variation in the isotopic compositions of the different 
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Figure 8.6. Whole rock 8 180 compositions of the different melt-related phenomena of the Chaotic Zone. 
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differences. There is a rough correlation observed between melt fraction and isotopic 
composition; this supports the view that mineralogical variation is the root of the 
isotopic variation (high melt fraction rocks tend to contain a higher modal content of 
isotopically heavy leucocratic minerals). 
The above discussion would suggest, therefore, that the melt and the adjacent 
homfelsic material are related, in both extensively and less extensively melted rocks; 
this supports the proposed in situ partial melting origin for the leucosornes. However, 
it must be borne in mind that if some externally derived fluid had infiltrated prior to 
melting it might have influenced the isotopic composition of both the homfels and the 
subsequent melt phase (see fig. 8.3). 
8.7. ATTAINMENT OF ISOTOPIC EQUILIBRIUM. 
There are two categories of isotopic equilibration to consider; equilibration 
between mineral grains within a single rock layer or assemblage, and equilibration 
between the different layers themselves. The latter category will be considered in the 
section 8.9. 
8.7.1. ASSESSMENT OF MINERAL EQUILIBRIUM USING 
TRADITIONAL METHODS. 
Fig. 8.7. is a diagrammatic representation of the mineral separate data given in 
table 8.3. In several of the samples isotopic reversals are observed between quartz 
and K-feldspar i.e. the K-feldspar is isotopically heavier than the associated quartz. In 
an equilibrium high temperature (magmatic) sequence, quartz is expected to be 
heavier; quartz-K-feldspar fractionations of 1.3-1.8%0 are average for plutonic igneous 
rocks (Taylor and Epstein, 1962a,b; Shieh and Taylor, 1969a; O'Neil, 1986). 
Table 8.4 shows the observed fractionation of oxygen isotopes between 
selected mineral pairs, and also the "apparent equilibrium temperature" using the 
fractionation factors of various authors. There is an abundance of fractionation data to 
be used in calculations such as these, both experimentally and empirically derived. As 
can be seen from table 8.4, the resulting temperatures are very dependent on the 
fractionation factors used in the calculation. Theoretical fractionation factors can be 
calculated given the chemical composition of the minerals concerned, using a method 
described by Schutze, 1980. These have been found to agree very well with 
experimental data, where available. A list of such calculated fractionations has been 
published by Richter and Hoemes, 1988. This list is quite useful as by taking into 
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Figure 8.7. Diagammatic representation of the mineral separate 
data given in table 8.3. The samples are arranged in numerical 
order. The feldspar value refers to both K-feldspar and plagioclase. 
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TABLE 8.4. A TABULATION OF THE OBSERVED &() 
FRACTIONATIONS BETWEEN SELECTED MINERAL PAIRS AND 
ALSO THE "APPARENT EQUILIBRIUM TEMPERATURE" AS 
CALCULATED FROM THE FRACTIONATION FACTORS OF: I - 
BoT'I'IN(;A AND JAVOY, 1973; 1975; 2 - MATSUIIISA ET AL, 1979; 3 - 
SCIIUTZE, 1980; RIChTER AND IIOERNES, 1988. 
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Sample 	Fractionation 





















1 	 2 	 3 
666 380 627 
2359 1685 1393 
478 247 466 
947 581 835 
586 - 558 
700 - 668 
465 - 440 
437 - 413 
475 - 445 
484 - 455 
393 - 363 
309 - 279 
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account the chemical composition of the mineral, it caters for solid solution. Also it 
includes minerals for which experimental data are not available. 
The fractionation factors used in these, and subsequent calculations are given 
in appendix V. For the purposes of this study, rather than accurately estimating the 
absolute temperature of equilibration, it is the lack of temperature concordance which 
is of interest. Therefore, as long as the fractionation factors selected are then used 
consistently throughout the calculation, the absolute temperature values calculated are 
not so important. Table 8.4. illustrates that the temperature estimates using different 
mineral pairs within the same sample do NOT show concordance. So these rocks fail 
the traditional test for isotopic equilibrium. This lack of the expected equilibrium 
fractionation behaviour might be attributed to:- 
some minerals still exchanging with each other, or a fluid reservoir, below 
the closure temperature of others. 
introduction of a low temperature post-crystallisation fluid. 
These options will be discussed in turn. Based on the recent advances in 
knowledge of diffusion behaviour, Giletti (1986) produced a method wich can be 
used to model the expected isotopic compositions of minerals within a slowly cooled 
rock. 
In many situations this is the model which should be used to test for the 
occurrence of a secondary equilibration event, and NOT the concordance or lack of 
concordance of temperature estimates. Temperature concordance will only occur 
where all minerals have ceased exchanging at the same time i.e. the rock has cooled 
very quickly. There is no reason to believe such a situation arises at Ballachulish. The 
traditional test for equilibrium, referred to above, is therefore of dubious validity. 
The remainder of this section will concern an attempt to model what actual 
isotopic sequences in the rocks might have been, as calculated using Giletti's model. 
Possible interactions with low temperature fluids will be discussed following this 
more educated estimation of the expected isotopic compositions of the constituent 
minerals. 
8.7.2. APPLICATION OF THE GILE! Ii MODEL. 
The situation being modelled at Ballachulish is that of the cooling from 
temperatures in excess of 6500C of a partially, or wholly molten rock. Giletti's model 
is designed for application to rocks which have cooled slowly from high 
temperatures; Ballachulish, therefore, provides a suitable example, if it is assumed 
that the rocks cooled slowly as closed systems. This is not unreasonable, as although 
a fluid phase might have been circulating prior to melting it is more than likely that it 
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was immediately dissolved in the developing melt phase (see chapter 2). It is unlikely 
that excess fluid remained to circulate subsequently, rendering the system open. 
At peak temperatures isotopic exchange between all the phases present will 
have been rapid, the rate of exchange possibly enhanced by rapid diffusion facilitated 
by the frequent presence of an interconnected melt phase. Isotopic equilibrium will 
have been attained and it is reasonable to assume, therefore, that any residual isotopic 
signatures will be overprinted by re-equilibration during the melting event. 
The phases equilibrating at peak temperature, that are of interest in this study, 
will be combinations of one or many of the phases: quartz, feldspars, cordierite, 
biotite and the silicate liquid itself. As the rock cools, the temperature will fall below 
the solidus temperature and silicate liquid will no longer be part of the exchange 
system. The solidus temperature is more than likely to lie above the highest closure 
temperature of any mineral in the assemblage (closure temperatures will be discussed 
more fully later in this section) and thus melt can be ignored as far as the cooling 
equilibration system is concerned. As the rock continues to cool, one by one the 
closure temperatures of the minerals present will be passed, isolating them from the 
exchange system. 
At all stages throughout the cooling process mass-balance constraints must he 
satisfied. This may lead to changes in the final isotopic compositions of the minerals 
which are not related to the temperature dependent fractionations. The isotopic 
composition of the last mineral is automatically fixed at the moment the second last 
mineral becomes closed to exchange. This is because there is nothing left for the last 
mineral to equilibrate with. 
Giletti's model takes the developing exchange system as the rock cools, and 
calculates the expected compositions of the phases present after consideration of the 
numerous relevant parameters; namely, the modal mineralogy of the rock in question, 
the grain-size of the relevant minerals, the cooling rate and 180 diffusion coefficients 
as a function of temperature. 
As it is assumed that the system was closed to outside influences throughout 
cooling, deviations from the isotopic compositions calculated by the model imply that 
the system has been "open" at some time in its history i.e. in this situation exposed to 
a low temperature secondary equilibration event. It should be borne in mind of course 
that many assumptions are made during implementation of the model, for instance, 
the effective grain size, and that experimental data may be inaccurate, or at least 
inappropriate, in certain situations. However, use of the model does give a more 
realistic estimate of the final isotopic compositions than traditional methods. 
The calculations involved are complex and time-consuming, but, fortunately, 
there is now a computer program developed by Jenkin et al (1989) called COOL, 
which can apply Giletti's model to any system under consideration. Details of the 
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calculations involved in applying the model are discussed comprehensively in the 
manual accompanying COOL, and in Jenkin et al. (in press). Only a brief outline of 
some aspects of particular interest are considered here. 
The closure temperature (Ta)  is calculated using an equation given by 
Dodson, 1973:- 
Tc = (E/R)/ln ( I-ART 2(D0/a2)J/E(dT/dt)) 
where E, D0 and A are the activation energy, the diffusion coefficient at infinitely 
high temperature, and anisotropy parameter respectively for diffusion of the element 
of interest in the mineral in question. a refers to the size of the grain, and dT/dt is the 
cooling rate. R is the universal gas constant, 1.99037x10 3kca1 K4mole. 
In the above calculation assumptions are made which may not necessarily be 
valid in real situations. For instance, it is assumed the mineral in question is 
surrounded by large amounts of a medium through which diffusion is rapid and 
efficient and the mineral in question has a uniform grain-size. Also, care must be 
taken in the selection of diffusion data for use in the calculations. As mentioned 
already (section 8.1), diffusion coefficients are very dependent on fluid activity and 
data must be chosen to best approximate the conditions prevalent in the rock under 
consideration. These and other limitations are discussed more comprehensively by 
Jenkin et at, 1989. 
INPUT REQUIRED FOR THE PROGRAM. 
The infonnation required for input to the program comprises all the data 
mentioned above for calculation of the closure temperature, along with isotope 
fractionation data, and modal analyses of the rock under consideration. 
First of all the cooling rate will be considered. It is possible, in fact, to 
calculate the cooling rates using Giletti's model if all other dataare. available. The 
cooling rate, however, has already been established by independent means. The 
cooling rates of the aureole rocks at various distances from the igneous contact, have 
been modelled thermally by Buntebarth, 1990. Fig. 8.8 is a graph of country rock 
temperature versus time for a distance of 300m from the contact, adapted from 
Buntebarth, 1990. It can be seen that the cooling rate is temperature dependent; 
becoming slower as cooling progresses. Estimated cooling rates from tangents to the 
curve in fig. 8.8. are 5560C/m.y. down to 500°C; 333 0C/my. from 500 to 400 0C 
and 244°C/m.y. for the remaining cooling period. For the moment these cooling rates 
will be accepted as closely approaching the true values. Later in this section the 
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Figure 8.8. Graph adapted from Buntebarth, 1990, showing the temperature of the country 
rock at 300m from the contact as a function of time. The curve is based on the assumption 
that a cylindrical model best approximates the shape of the intrusion body and its 
subsequent cooling profile. The dotted lines are tangents to the curve from which cooling 
rates have been measured. 
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Figure 8.9. A plot of the closure temperatures of various minerals as a function of grain-
size for a cooling rate of 5560CIm.y. Added to the alpha-quartz curve are the 
corresponding curves for cooling rates of 333 and 244°CIm.y. Grain sizes refer to grain 
diameter in the case of K-feldspar, plagioclase and cordierite; and grain width parallel to 
c in the case of biotite and quartz. 
Diffusion data used by the program are those given in the compilation of Cole 
and Ohrnoto, 1986. The values used in the present study are given in appendix \'l. 
Unfortunately diffusion data for cordierite, the other mineral of interest in the present 
study, are not available. An empirical model for calculating the rate constants of 
oxygen within minerals has been developed by Fortier and Giletti (1989) using data 
on unit cell dimensions, cation/anion radii and thennal expansion (Deer, Howie and 
Zussman, 1966; Shannon and Prewitt, 1969; Skinner, 1966). Such a calculation was 
carried out for hydrous cordierite (see appendix V) giving an activation energy of 
24.2 kcal/mol, and a pre-exponential factor of 2.27x 1O 8cm2/sec. These values refer 
to the average of values calculated for Fe-rich and a Mg-rich end-member 
composition, which were very similar. 
All the values selected for use in the present study refer to diffusion via 
volume diffusion. Isotope exchange can occur via alternative mechanisms such as 
solution/reprecipitation or surface reaction mechanisms (Giletti, 1985; Cole amid 
Ohmoto, 1986). The rate of isotope exchange via these alternative mechanisms is 
orders of magnitude higher than by volume diffusion (Cole and Olunoto, 1986). 
These mechanisms, however, involve the presence of an appreciable quantity of 
hydrothermal fluid. It is thought that no excess fluid remains subsequent to the 
formation of melt. A diffusion controlled exchange model is therefore the most 
appropriate for use in study of cooling of the partially melted rocks. The 
consequences of exchange occurring via a different mechanism are discussed further 
in section 8.7.3. Sources of fractionation data have been discussed already and are 
given in appendix V. 
The modal percentage and grain-sizes of particular minerals in the samples of 
interest are given in appendices II and VI respectively. Modal mineralogy and grain-
size are variables particular to the rock in question, and variation in modal 
mineralogy is of most interest when considering influence on the final isotopic 
configuration. 
As the fractionation behaviour of K-feldspar and sodic plagioclase is very 
similar (O'Neil and Taylor, 1967), and furthermore as many of the K-feldspar 
samples may contain significant amounts of sodic plagioclase, "feldspar" in the 
following calculations refers to the modal proportions of BOTH K-feldspar and 
plagioclase. The diffusion properties of the two feldspars differ slightly, and their 
closure temperatures will therefore differ. However, as will be seen in the next 
section, there are only small differences in the calculated closure temperatures, and it 
was thought, therefore, that treating the two feldspars as one, and using diffusion data 
for K-feldspar only, would not introduce significant errors to the calculations. 
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OUTPUT FROM THE PROGRAM. 
Typical inputs and outputs to COOL program are shown in appendix VII, 
along with details of some adjustments required to the source code to run the program 
on the EMAS system at Edinburgh. 
Closure temperatures. 
First of all, closure temperatures for the different mineral phases of interest in 
this study were calculated using the COOL program for a range of grain sizes, and 
using a cooling rate of 5560C/m.y. Fig. 8.9 shows graphically the results of this 
exercise. Changing the cooling rate lowers the closure temperature only slightly; 
curves for alpha-quartz at cooling rates of 3330C/m.y. and 244°C/m.y. have been 
included in fig. 8.9. It can be seen that increasing the grain-size results ill a 
corresponding increase in closure temperatures. 
The minerals indicated in fig. 8.9 to have the lowest closure temperatures are 
feldspar and cordierite. This is expected, as it is these minerals within which 1 80 is 
thought to diffuse more rapidly (see appendix VI). Diffusion in cordierite is thought 
to be relatively rapid due to the presence of "channels" in the cordierite lattice 
containing structural water and thus enhancing diffusive transport (Lepezin and 
Melenevsky, 1977). 
Both alpha and beta quartz have been represented in fig 8.9. This is to 
ascertain whether quartz closes to isotopic exchange in the alpha or beta polymorphic 
fields. This is important as it dictates the choice of diffusion coefficients for use in 
future calculations. The beta to alpha transition occurs at around 573 0C at 
atmospheric pressure (Deer, Howie and Zussman, 1966) and will occur at higher 
temperatures with increase in pressure. It can be seen from fig. 8.9, that for the grain-
sizes relevant in this study that high temperature beta quartz is still open to exchange 
when the transition to low temperature alpha quartz occurs. Alpha-quartz diffusion 
data are therefore those of interest in this study. 
Notice that for grain-sizes less than 0.5mm. (the most common situation in the 
rocks in question, see appendix VI) quartz will always be the first mineral to close, 
closely followed by biotite, and then at much lower temperatures, the feldspars. 'Ibis 
situation changes at grain-sizes above 0.5mm. and biotite is the first mineral to close; 
then quartz, followed by the feldspars. Notice that the two feldspars behave very 
similarly thus supporting the decision to treat these two minerals as one. This is 
important for reasons described in the previous section. 
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Final isotopic compositions. 
Taking into account the calculated closure temperatures, and additional 
considerations such as the fractionation factors and the modal mineralogy of the rock 
in question, the program will predict the final isotopic compositions of the constituent 
minerals given slow cooling as a closed system. 
In order to calculate the actual absolute isotopic compositions of each mineral 
it is necessary to input the starting composition of the system as a whole. It would be 
inappropriate to take the present whole rock value as it is not certain that the system 
has remained closed. For instance, if low temperature fluid activity has occurred 
subsequent to the melting event, then the present whole rock composition is a 
function of how much the rock in question has been affected by this secondary fluid 
activity. For the purposes of this study, the starting composition is taken as zero, iuid 
the various constituent mineral compositions are thus calculated for a rock with a 
whole rock 6 180 value of 096o. In this way the relative 9 8 0 values are calculated, and 
can be translated afterwards to absolute 6 180 values (see below). This is possible 
because the very good approximation can be made that the fractionations between 
minerals will be the same, regardless of the absolute compositions of the minerals 
(see Jenkin eta!, 1989). 
Table 8.5 shows the predicted isotopic compositions of the minerals from 
various samples as modelled by COOL, given thatsystem as a whole has a 
composition of 0%o. Also shown are the compositions relative to quartz 
as measured analytically (see table 8.3). Quartz is the most likely part of the system 
to preserve compositions acquired during the partial melting event. This is because 
quartz, in most cases, has the highest closure temperature and it is reasonable to 
assume that it will remain unaffected by the possible activity of subsequent low 
temperature fluid. 
Also given in table 8.5, are the modelled final quartz-feldspar fractionations. 
Notice that in many of the samples an isotopic reversal is predicted, with the final 
composition of feldspar heavier than the associated quartz. Conventionally, this 
would have been attributed to the occurrence of a secondary equilibration event. ilie 
modal mineralogy of the different samples is shown diagrammatically in fig. 8.10. 
Added to this diagram are the modelled quartz-feldspar fractionations given in table 
8.5. Notice that the largest isotopic reversals are predicted to be associated with 
samples which plot close to the cordierite/biotite-rich apex. This illustrates how mass-
balance constraints can affect the final isotopic compositions. 
Fig. 8.11. compares the modelled evolution of the isotopic compositions of 




























TABLE 8.5. FINAL &() MINERAL COMPOSITIONS AS Molwuu;u) 
BY COOL, THE COMPOSITIONS RECALCULATED RELATIVE TO 
QUARTZ, AND THE PREDICTED QUARTZ - FELDSPAR 
FRACTIONATIONS. COOLING RATES USED WERE 556°C/m.v. 
ABOVE 509°C; 333°CIm.y. FOR TIlE RANGE 500 TO 400°C; AND 
244°C/m.y. FOR Ii El A )W 4000C. 
ALLI' (;uIIiIISACIIAIN RIDGE 
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Sample Final 
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TABLE 8.5. (continued) 






























































Abbreviations: Q - QUARTZ, FSP - FELDSPAR, CD - CORDLERITE, BT - 
BIOT1TE. 
QUARTZ 
Figure 8. 10. A triangular plot of the 
modal mineralogy of samples modelled 
using COOL; the modelled quartz-
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Figure 8.11. Graph showing the evolution of the isotopic compositions of the 
constituent minerals of samples of differing modal mineralogies as cooling progresses 
at a rate of 375°C/my. (the modal compositions of the samples are given in appendix 
II, and shown in fig. 8.10). 
a), a moderately leucocratic composition. 
b). a particularly cordierite-rich sample. 
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At all stages throughout the cooling process mass-balance contraints must be 
satisfied. At peak temperatures all phases will be open to exchange and the order of 
enrichment will be determined by the fractionations between the minerals present at 
that temperature. The mineral-mineral fractionations will therefore be those expected 
in an equilibrium situation. The actual isotopic compositions will be determined by 
the lever rule according to the modal proportions of the minerals and the whole rock 
composition. As the rock cools the mineral-mineral fractionations will get larger, 
according to the temperature dependent relation of the minerals concerned. This 
phase in the cooling evolution has been designated phase A in fig. 8.11. 
At a particular temperature the mineral with the highest closure temperature 
(biotite in A4 and quartz in C lOb) becomes isolated from the exchange system. At 
this point all the oxygen contained in that mineral volume is fixed for the remainder 
of the cooling period. The whole rock composition of the rest of the system is thus 
proportionally heavier or lighter, dependent on the identity and the amount of mineral 
involved. 
Consider now the phase B cooling interval, when only three of the 
consitituent mineral phases are open to isotopic exchange. Notice that the evolution 
of the 8 18 values have changed their gradients slightly following the removal of the 
first mineral from the exchange system. As the temperature falls again the mineral 
fractionations increase. The absolute compositions of the three remaining phases are 
once again determined using the lever rule, and are dependent on the modal 
proportions of the phases. Notice in 8.11(b) there is, only a small quantity of K-
feldspar relative to biotite and cordierite. In this situation the quartz-biotite, and 
quartz-cordierite fractionations have increased, as would be expected with decreasing 
temperature but the quartz-K-feldspar fractionation has decreased. This illustrates 
how, in samples of certain modal compositions, closure to exchange and mass-
balance effects can produce unexpected mineral fractionation behaviour. 
As cooling further progresses a second mineral will become closed to 
exchange and the system will enter phase C in the cooling evolution. At this point 
another volume with a fixed quantity of 180  is isolated from the system as a whole. 
As before this results in a change in the 5 180 of the remaining exchange systemmi. in 
fig. 8.11(b) biotite is the second mineral to close. Biotite is an isotopically light 
mineral; the whole rock composition of the remaining system will therefore he 
heavier. In this situation as cooling continues, the remaining two minerals in this 
system, K-feldspar and cordierite, continue to exchange and the composition of 
feldspar is forced to quite high values to maintain mass-balance. This ultimately 
results in the isotopic composition of the feldspar becoming heavier than quartz, the 
composition of which was fixed earlier in the cooling evolution. When cordierite 
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closes, the composition of K-feldspar is automatically fixed as there is no longer a 
phase present with which it could exchange. 
The type of scenario described above can explain the pattern of modelled 
quartz-feldspar fractionations observed in fig. 8. 10, with the fractionations decreasing 
and reversals occurring as the cordierite/biotite apex is approached. Fig. 8.12 is a 
graph of the modelled quartz-feldspar fractionations plotted against the 
feldspar/(biotite-cordierite) ratio. It can be seen that the higher the proportion of 
feldspar compared to cordierite and/or biotite, the larger, and more positive, the 
quartz-feldspar fractionation. The slightly erratic distribution of the samples is 
produced by 'the fact that in reality this relationship is complicated by a further 
variable, the grain-size. 
In order to illustrate the above relationship without the added complication of 
varying grain-size two samples were selected and re-modelled for various arbitrary 
feldspar/cordierite-biotite ratios. One sample consisted of a three mineral system 
without any cordierite, while the other consisted of a four mineral system containing 
cordierite. These are also represented in fig. 8.12. It can be seen that for very small 
ratios there are quite pronounced changes in the fractionations, while as the ratio 
increases the effect on the fractionation is less marked. 
The important conclusion from the modelling described above is that rocks of 
certain modal compositions such as those found at Ballachulish will exhibit isotopic 
reversals between quartz and K-feldspar which are NOT indicative of secondary 
log 
equilibration event. Therefore a secondary equilibration event need not\invoked for 
many of the samples here. 
Calculation of cooling rate using COOL. 
If all other information is available it is possible to use the program to 
estimate the "best-fit" cooling rate for the observed compositions. This calculation 
was carried out for sample CLC7. For this sample, 8180  values for the three main 
constituent minerals: quartz, feldspar and biotite are known (see table 8.3), Rather than 
using the analysed whole rock value, the whole rock 8 180 was recalculated using the 
lever rule with the mineral 8 180 values and the modal proportions present. This is 
because it is important that the whole rock value is a true representation of the 
minerals involved in the calculation. The calculated whole rock 8180 was 1 3.09%o. 
All other input data is as discussed before, and given in appendices II, V and VI. 
The "best-fit" cooling rate calculated by the program is lOO°C/m.y. The 
cooling rates indicated by the work of Buntebarth, 1990(see fig. 8.8 as discussed 
before range from 5560C/rn.y. to less than 2440C/m.y. The cooling rate given by the 
model thus agrees quite well with cooling rates arrived at by other means. 
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COMPARISON OF CALCULATED AND OBSERVED MINERAL 
COMPOSITIONS. 
The results given in table 8.5. are represented diagramatically in fig. 8.13, 
along with the observed compositions for comparison. Table 8.6 tabulates the 
differences in the observed and modelled compositions for feldspar, biotite and 
cordierite. It can be seen that with respect to feldspar, in many of the samples there is 
very close agreement between the modelled and observed mineral compositions, with 
differences less than 0.3%o (Cl, A36, and A59). In samples A58, A75B, and A4, the 
agreement is not quite so good, but discrepancies are still within 1 .O%o. Small 
discrepancies such as these between observed and modelled 8 180 values may be 
explained by inadequacies in representing the actual modal mineralogy of the rock in 
question. It should be borne in mind that other phases such as Al-silicates and opaque 
minerals are also present. 
In samples A60, ClOb, C49 and C62, the differences between the modelled 
and observed values are more than I.O%o. In these cases, inadequacies in the 
modelling are not so likely to be responsible. Feldspar, therefore, occasionally shows 
compositions inconsistent with the modelling. A possible cause for such deviations 
from the model might be later interaction with a low temperature fluid. Looking at 
the samples in question more closely, it can be seen that feldspar frorn two of the 
samples (C491- and C62) is isotopically heavier than modelled, and the feldspar from 
remaining two (ClOb and A60) is isotopically lighter. 
Cordierite in the two samples in which it was measured, A59 and A36, is 
observed to have 8180  values as much as 4.01 bo higher than predicted using the 
model. This may, however, be attributed to the possible incorporation of much 
leucocratic inclusion material in the mineral separate (see section 8.5). In this case 
therefore inconsistencies may be related to problems at the analytical stage. 
Biotite, except for sample C7, does not show compositions consistent with the 
modelling, showing discrepancies of more than 2.01 bo. In the case of biotite there is, 
however, no reason to suspect that mineral separate impurities should present such a 
problem. it can be seen looking at table 8.6 that in the Alit Guibhsachain samples the 
biotites are consistently isotopically lighter than predicted, whereas at the Chaotic 
Zone they are heavier. 
From the above text, it can be seen that many of the observed isotopic 
compositions show extremely good agreement with the modelled values, with any 
discrepancies being small, and possibly due simply to inadequacies in representing 
the modal mineralogy, or analytical error. Much of the unexpected fractionation 
behaviour and many of the observed isotopic reversals can therefore he shown to he 
the result of mass-balance effects in a slowly cooled rock. It is not necessary, 


















Shaded symbols a observed 














THE CHAOTIC ZONE 
Figure 8.13. Diagrammatic comparison of the calculated and observed mineral &180 compositions. 
TABLE 8.6. TABULATED VALUES OF THE L)lI'FERENCE lwIwI:EN 
MODELLED AND OBSERVED ISOTOPIC COMPOSITIONS. 
Compositional Difference (Modelled - Observed) 
Sample 	 Feldspar 	Cordieri(e 	Motile 
TIlE ALL'l'GUIBIISACIIAIN 
C7 +0.06 - +0.61 
ClOb +2.67 - +3.00 
C49L -1.28 - +1.51 
C62 -2S4. - - 
TIlE ChAOTIC ZONE 
A36 +0.04 -3.97 - 
A4 +1.21 - - 
A59 +0.62 -3.93 -1.10 
A58 -0.26 - -2.10 
A60 +1.72 - - 
A57B -0.71 - - 
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However, in some samples, as discussed above, there are discrepancies between 
the observed and modelled compositions which are not consistent with the explanations 
given above. The occurrence of a secondary equilibration event seems likely. In three of 
the four samples in which this is necessary, the feldspar is isotopicaly heavier than can be 
explained by the model. Possible fluid sources are discussed in section 8.8. 
In summary, the application of Giletti's model predicts final isotopic compoistions 
which are close to the observed values, and only a minimum amount of secondary 
equilibration is inferred. This is in contrast with more traditional methods of testing for 
the approach of a mineral assemblage to equilibrium, discussed in section 8.7.1. The 
marked lack of temperature concordance shown by most of the samples (table 8.4) 
necessitated a secondary equilibration event in the vast majority of samples. 
8.7.3. POSSIBLE CAUSES FOR DEVIATION FROM THE G1LETTI MODEL 
OTHER THAN SECONDARY FLUID ACTIVITY. 
Fundamental to Giletti's model is the fact that temperature concordance is not 
expected. The presence of concordant temperatures therefore represents a deviation from 
the model. Such a situation is recorded by Hoernes gLd (1990) for samples taken from 
the igneous complex. Temperature estimates from these samples were surprisingly 
concordant. Such concordance demands that all minerals in the system stopped 
equilibrating at the same time. This situation would arise if the rock was quenched from a 
high temperature, thus "freezing" in the fractionations present at that time. 
Hoernes etai propose another explanantion for this the observed concordance. 
They suggest that some minerals continued to equilibrate below their closure 
temperatures as calculated by the model i.e. via some mechanism other than volume 
diffusion e.g. solution/reprecipitation or chemical reaction. Exchange rates would be 
considerably more rapid under these circumstances (Cole amd Ohmoto, 1986) and it is 
likely that there would be an extended period over which open exchange between all 
phases present will occur. Final isotopic compositions calculated in Giletti's model by 
assuming a system dominated by diffusion-controlled exchange would be erroneous, as 
exchange will in fact have continued below the closure temperatures calculated by the 
model. Solution/reprecipitation and surface reaction involve chemical equilibria and may, 
in addition to temperature, be influenced by fluid chemistry, reaction kinetics, etc. A 
situation where surface reactions may be in progress is, in fact, very difficult to model 
accurately, as different minerals may be involved or affected in different ways by the 
reactions. 
In the present study, as proposed before, it is thought that volume diffusive data 
are appropriate to use to model the rock under consideration. It should be noted, 
however, that at the present time the effects of water activity on the volume diffusive 
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properties of silicate minerals are poorly understood (Graham and Elphick, 1989). It is 
clear that in the presence of water, oxygen diffusion is enhanced within the mineral 
lattice and that water loss therefore impedes diffusion. Uncertainties as to the validity of 
diffusion data used in the Giletti model lead to uncertainties as regards the calculated 
closure temperatures. Closure temperatures may be higher than previously thought, 
reducing the time period over which the complex exchange sequence between mineral 
phases is active. This probably would result in a less marked deviation from temperature 
concordance. However, water loss may effect different minerals differently and until 
more data is available it is difficult to assess the likely changes to predicted isotopic 
patterns given by the model. At present the amount of diffusion data available is limited. 
However on-going study of oxygen diffusion in silicate minerals will lead to a more 
extensive data base and it should become possible to apply a model such as Giletti's in a 
more educated way than is at present possible. 
8.8. INTERACTION WITH A LOW TEMPERATURE FLUID. 
At low temperatures a fluid will interact with certain minerals which are 
susceptible to isotopic exchange. 
The immediate questions to answer are :- 
Where does this fluid come from, and what is its isotopic composition? 
At what temperature does this fluid interact with the minerals? 
How many minerals are affected? 
Further questions concerning the quantity of this fluid and its distribution are 
addressed in section 8.9.2. 
There are two likely sources for such a fluid at Ballachulish; late-stage magmatic 
fluid from the igneous complex, or meteoric waters. The following discussion will try 
and test the plausibility of these possible sources with respect to the observed isotopic 
compositions of the affected minerals. 
8.8.1. LATE-STAGE MAGMATIC FLUID. 
The igneous complex was a phase I dioritic event followed by a phase II granite. 
Petrographic evidence suggests the diorite formed a relatively dry phase; 1.0-1.5 wt% 
water, whereas the granite contained up to 3.5 wt% water (Weiss and Troll, 1990). 
Hoernes et al (1990) suggested that the dry diorite formed an impermeable shell 
preventing movement of this granite-derived 
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fluid into the aureole rocks. They do suggest, however, that there is some evidence of 
infiltration of such fluid into rocks to the NE of the complex. 
The granite was intruded when the diorite had cooled to a temperature of 
8000C (Weiss and Troll, 1990); and its solidus temperature is thought to have been 
700-6500C. Any late-stage fluid will form just above the solidus at the last stages of 
crystallisation. For the sake of discussion it is assumed that the fluid left the 
crystallising granite at a temperature of 650 1C. 
To calculate the isotopic composition of the fluid, the only information 
required is the temperature, the composition of a mineral phase in equilibrium with 
the fluid at that temperature, and the appropriate fractionation data. Quartz separates 
from the granitic samples of Hoernes et i  (1990) show a compositional range from 
9.5 to 10.70loo. These compositions represent the final isotopic compositions of the 
minerals after cooling. Quartz is the mineral with the highest closure temperature and 
therefore the mineral whose composition is likely to have changed least from its 
composition at 6500C. Using the fractionation data of Matsuhisa et al, 1979, these 
quartz compositions imply fluid 8180  values in the range 8.2 to 9.4, at 65(P C. 
The minerals showing petrographic evidence of secondary alteration and 
likely to have been affected by this late stage fluid are feldspar, cordiente and biotite. 
With a magmatic fluid of composition 8.2 to 9.4 91bo (if it is assumed that the 
composition of the fluids has not changed significantly in transit from the granite to 
the aureole), and a country rock temperature of 450 0C, the expected compositions of 
minerals having equilibrated with large quantities of that fluid can be calculated. The 
calculated mineral compositions at 450 0C are: K-feldspar, 10.29-11.49; cordierite, 
7.43-8.63; biotite, 6.07-7.27%o. At a country rock temperature of 30(P C the 
corresponding compositional ranges are: K-feldspar, 13.00-14.20; cordierite, 8.64-
9.84; biotite, 6.44-7.647oo. 
It is conceivable therefore that magmatic fluid interacting in large enough 
quantities and at low enough temperatures might produce the observed shifts in 
mineral compositions subsequent to the partial melting equilibration event. 
Unfortunately, more accurate attempts to model the situation just described is 
not possible as isotope exchange is very probably not diffusion-controlled, bearing in 
mind the presence of hot, magmatic fluid. The possible occurrence of alternative 
isotope exchange mechanisms, as outlined in section 8.7.3, makes realistic modelling 
of the system very difficult as little appropriate rate data are available. Furthermore, 
consideration must be given to whether the system is open to a constant unlimited 
supply of this fluid, or whether the amount of fluid is limited. 
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8.8.2. METEORIC WATERS. 
From paleocontinental reconstructions of Morel and Irving (1978), and 
information regarding variations in meteoric water compositions from the present, 
(Craig , 1961) the oxygen isotope composition of meteoric waters at Ballachulish is 
estimated to lie in the range -4.0 to -5.011oc. 
Interaction of such meteoric fluid at the time of the contact metamorphism 
with the rocks still situated at depth, and possibly still affected by thermal heating 
related to igneous complex might occur at a temperature of around 300-350 0C. The 
compositions of the reacting minerals in this situation are: K-feldspar, -1.35 to -0.35; 
cordierite, -5.1 to -4.1; biotite, -6.95 to -5.959oo. These are obviously nowhere near the 
observed compositions of the minerals in question. Furthermore, this scenario 
involves somehow getting meteoric fluids down to depths of 1 1km (aureole pressure - 
3kb, Pattison, 1985) from the surface. 
Interaction with a meteoric fluid may have occurred at any time in the 
subsequent history of the rocks i.e. following uplift when the rocks were situated 
much nearer the surface. Interaction with this fluid may therefore have occurred at 
much lower temperatures. Assuming the compositional range -4 to -590'0 is still 
appropriate, the resultant compositions of minerals equilibrating with large quantities 
of such a meteoric fluid at 1000C are: K-feldspar, 9.67 to 10.67; cordierite, 0.20 to 
1.20; biotite, -5.05 to -4.0511bo. However, if small fluid-rock ratios are involved it is 
possible that there willi shift to higher 6 180 values of the isotopic composition of 
the meteoric fluid as a result of buffering by the rock composition. There will also be 
a less pronounced shift in the isotopic compositions of the mineral phases. it is 
conceivable therefore that interaction with small amounts of meteoric water might 
cause the observed shifts in the isotopic compositions of the mineral phases 
subsequent to the partial melting event. 
Further isotopic work involving D/H variation in these rocks would resolve 
the problem of which fluid, magmatic or meteoric, was responsible for the observed 
isotopic shifts. 
8.9. ISOTOPIC HOMOGENISATION. 
The extent of homogenisation is a measure of the amount of equilibration 
between layers. it indirectly indicates the amount of fluid activity within the rock. 
The high grade rocks of the Ballachulish aureole consist often of thinly layered 
metasediment. it is reasonable to assume that, prior to the contact metamorphism and 
melting, the layers would have been isotopically heterogeneous. This is borne out by 
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the isotopic studies of Hoemes et al (1990) which include rocks from outwith the 
melting zone. The isotopic composition of rocks from the entire aureole cover a large 
range (see fig. 8.2). It can be seen that the compositional ranges shown by the rocks 
restricted to within the melting zone, as analysed by the present author, are slightly 
smaller than the ranges shown by rocks of the same lithological group from the whole 
aureole, particularly in the case of Appin Phyllite. This might imply that there has 
been some homogenisation in the melted rocks. 
Whole rock data must, however, be treated with care, as differences in 
mineralogy will result in an observed difference in the whole rock compositions of 
interlayered rocks even after the minerals contained within the layers have 
homogenised. Mineralogical inconsistencies in the sample groups might therefore be 
responsible for the whole rock variations and not differential degrees of 
homogenisation. 
The effects of differences in mineralogy can be taken into account by 
calculating the Garlick index of the rocks concerned (Garlick, 1966). This involves a 
numerical calculation of an index number given the chemistry of the rocks concerned, 
which can then be used to represent quantitatively the differences in mineralogy, 
allowing comparison of the whole rock isotopic compositions without having to 
compensate for mineralogical differences. However, this method assumes that the 
minerals comprising the rock in question are in isotopic equilibrium. As has been 
shown in the previous section the minerals in the rocks studied are not in isotopic 
equilibrium. 
The cause of this lack of equilibrium is probably interaction with a low 
temperature fluid. The initial high temperature isotopic equilibration associated with 
the partial melting event has thus been partially overprinted by interaction with this 
low temperature fluid. High closure temperature minerals, as discussed in the 
previous section may not be affected by this fluid activity and can be used to gain 
information as to the extent and degree of homogenisation during the partial melting 
event, information as to the fluid activity during the subsequent, entirely separate 
event, can be gleaned from those minerals affected by that event. 
8.9.1. HOMOGENISATION DURING THE PARTIAL MELTING EVENT. 
The output from COOL dicussed in the last section, indicated that quartz 
generally closed at the highest temperature. Quartz is therefore the most likely 
mineral to preserve isotopic signatures acquired during the partial melting event. If 
isotopic homogenisation took place during the partial melting event, then the isotopic 
composition of the quartz should be the same regardless of the mineral assemblage in 
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which it occurs. The implication is that during the high temperature event the rocks as 
a whole (i.e. every intercalated layer) equilibrated with a large pervasive isotope 
reservoir. 
The fact that most of the samples represent rocks from similarly high grade 
locations within the melting zone (with the exception of some of the Pattison 
samples, as indicated in table 8.3), implies they should all have equilibrated at 
comparable temperatures with this reservoir. Variations in observed compositions of 
quartz are not therefore due to the temperature dependence of the quartz-reservoir 
fractionation, and must be related to other factors such as differential degrees of fluid 
activity. For instance if the fluid is not as active in one area as another, isotopic 
exchange will be more restricted and the approach to equilibrium will be less 
complete. 
The question is whether the amount of fluid activity as indicated by the 
homogenisation of quartz will match the observed distribution of melt in the aureole 
as based on petrological evidence. 
In fig 8.7 quartz has been highlighted in order to better compare the 
compositions from sample to sample. It is apparent that the compositional range of 
quartz in the Chaotic Zone samples is considerably smaller than at Alit Guibhsachain 
and other Leven Schist localities where it can be seen that quartz shows considerable 
heterogeneity, showing a range of almost 3%o. Fig 8.14 shows quartz compositions 
from these three areas connected by tie-lines to the the associated whole rock 
composition. The gradients of the tie-lines are a function of the modal composition of 
the rock in question. The whole rock composition should lie at some point between 
the heaviest and lightest constituent mineral. As quartz is generally (but not always, 
as discussed in the last Section) the heaviest mineral the gradient of the tie-line should 
always be positive. The presence of negative gradients is due to the occurence of 
heavy K-feldspar. 
It is possible to draw some tentative conclusions from comparison of diagrams 
of fig. 8.14. The range in modal compositions of samples represented in (a) and (b) 
are comparable (see fig. 8. 10')as are the range of whole rock isotopic compositions. It 
might be expected that the corresponding quartz ranges would also be comparable i.e. 
broad similarities with respect to compositional ranges and the gradients of tie-lines. 
This is not the case. Tie-lines in fig. 8.14(a) and (c) are relatively evenly spaced, 
whereas tie-lines in fig. 8.14(b) mostly converge at a small range of quartz 
compositions. 
Quartz separates analysed from the Chaotic Zone, in fact, show remarkable 
homogeneity. Five of the six quartz separates analysed fall within the very small 
range, l%o. Only one value, from the sample A4, lies outwith this range. The relative 
locations of the samples are given in fig. 8.15. Notice that in the Chaotic Zone, 
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sample A4 is located some distance away from the other samples in a direction 
perpendicular to the strike of the metsedimentary layering. The rest of the samples are 
in fact located along a direction parallel to the strike. Intuitively one would assume 
that fluid activity might be more limited perpendicular to the layering than parallel to 
it, explaining the apparent isolation of sample A4 from the homogenisation pattern. 
Note that the samples located along the strike exhibit different petrographical natures, 
(see table 8.2), and therefore although they do lie along strike they do not simply 
represent just one particularly permeable layer. 
More data are required to approach the problem of how much structural 
control there is on the fluid activity. It would appear from the available information 
that homogenisation has occurred over a distance of tens of metres parallel to the 
layering; but distances somewhat less than this perpendicular to the layering but 
nevertheless exceeding tens of centimetres. 
It can be seen from fig. 8.15 that at Ailt Guibhsachain heterogeneities are 
apparent in quartz compositions both parallel and perpendicular to the layering. Four 
of the quartz analyses presented in fig 8.14(a) are from hornfels/leucosoine pairs 
(C49H and L; C56AH and L). In samples C49 there is more than 1 .O%o difference in 
quartz from the homfels and quartz from the associated leucosome. This may be a 
heterogeneity related to the melt process itself. The composition of the melt is largely 
a function of the compositions of the minerals which were involved in the melting 
reactions. As these minerals will probably comprise the isotopically heavier 
leucocratic minerals, any melt formed will tend to be isotopically heavier than the 
parent rock as a whole. Quartz subsequently crystallising from that melt will 
therefore have a slightly higher 8 180 value than quartz not involved in the melting 
process. In sample C56, the leucosome quartz is slightly lighter than the associated 
homfels quartz. This could be due to interaction with isotopically light igneous 
material (see section 8.6). However, differences in quartz composition between these 
hornfels/leucosome pairs and the remaining Alit Guibhsachain samples are 
presumably related to original isotopic heterogeneity in the metasedimenlary layering 
which has not been overprinted by increased isotopic communication during the 
partial melting event. The data from Alit Guibhsachain suggests, therefore, that fluid 
activity was low. 
Isotopic homogenisation of the scale indicated in the Chaotic Zone requires 
the presence of a fluid medium through which the diffusion of the isotopes is 
enhanced. It is very unlikely that oxygen diffusion by volume diffusion through the 
mineral lattices, or grain boundary diffusion in the absence of a fluid phase could 
have achieved such distances in the time allowed (Fletcher and Hofmann, 1974). This 
fluid medium could be either a volatile H20-rich fluid prior to melting, or the melt 
phase itself. It has already been ascertained that the melt phase in these rocks formed 
an interconnected body over large distances, irrespective of the melt fraction of the 
layers involved (chapter 4). It is conceivable, therefore, that melt formed the medium 
facilitating rapid diffusion over such large distances. The isotopic homogenisation is 
therefore a measure of the amount of melt activity, and the degree of melt 
communication between different layers. 
Alternatively, the diffusion could have been facilitated via an H20-rich 
volatile phase present prior to the melting. (CO2 is thought not to be an important 
constituent of any volatile-rich fluids in the aureole - Harte et al, 1990 ). it is 
accepted that such a fluid phase must have existed as the degree of melting observed 
necessitates the presence of a fluid phase (chapter 2). The observed homogenisation 
implies that this fluid was pervasive with large quantities passing through the rock. 
There is a question as to the source of this fluid. It might be diorite-derived 
magmatic fluid (the granite post-dates the melting event, chapter 3), or it might be 
internally derived dehydration fluid. The possibility of the latter is discussed in 
chapter 2. It has been ascertained that the diorite was relatively dry (Weiss and Troll, 
1988). However Hoemes eta!, 1990, noted variation in D/ll ratios at the margins of 
the diorite they attributed to degassing in the centre, with loss of fluid upwards into 
the country rock. They also detected a lowering of 5 180 whole rock values 
associated with the Chaotic Zone which they attributed to interaction with diorite-
derived magmatic fluid. The quantities of fluid involved were proposed to have come 
from igneous material underlying the Chaotic Zone as well as that in contact with it. 
Although granite-derived fluid subsequent to melting might equally well have 
been responsible for the lowering of the whole rock 8 180 compositions, diorite-
derived fluid activity is evidenced by the observed lowering of the whole rock 
isotopic compositions of certain leucocratic matrix types and breccia samples from 
Sgorr Dhearg (section 8.6.). It is unlikely, however, that enough fluid came from the 
diorite to result in the observed homogenisation. 
More work is required to constrain better the extent of fluid infiltration from 
the igneous complex prior to melting. It is necessary to ascertain whether the fluid 
interaction detected by Hoernes eti.(1990) is in fact related to the diorite or the later 
granite event. it is also necessary to estimate the role of internally derived 
dehydration fluids. Increased activity of internally derived fluids might also result in 
the observed homogenisation. The increased activity of internal fluids in the Chaotic 
Zone might be attributed to the additional heat source of the underlying igneous mass. 
Whatever the source of this fluid, it would be necessary to assume that it was 
present in the rock long enough for the diffusion to occur before it was involved in 
melting reactions. The solubility of water in a silicate melt is relatively high and it is 
to be expected that once melting initiated, the water was rapidly dissolved into the 
melt phase. 
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In order to test whether a fluid or the melt was responsible for the 
homogenisation, some quartz from samples of Leven Schists other than the Chaotic 
Zone, and from outwith the melting zone were analysed. The locations of these 
samples are shown in fig. 8.15. Hoemes et al (19.96) speculated that fluids from the 
igneous complex could have infiltrated locally out into the aureole some distance, 
particularly in the south. If magmatic fluid is indeed the fluid medium through which 
diffusion was occurring, then the isotopic homogenisation should also be observed in 
these locations which are either not so extensively melted, or outwith the melting 
zone completely. 
The results of this are shown in fig. 8.14(c). The quartz data represented in 
this diagram has not been replicated as time did not allow sufficient analytical work 
to be carried out. However, it is already clear that the observed range of quartz 
compositions is large, around 3.57bo, suggesting considerable heterogeneity. The 
tentative conclusion from the above is that it is the melt which is responsible for the 
observed hotnogeniety and therefore uncertainties regarding the nature of the fluid 
phase are not important. 
Whether or not the melt is accepted as being the diffusion medium does not, 
in fact, alter the fact that isotopic homogeneity coincides with the more extensively 
melted location in the aureole. In other words, the pattern of isotopic homogenisation 
supports petrographical evidence as to the distribution and extent of melting around 
the aureole. 
8.9.2. HOMOGENISATION DURING THE LOW TEMPERATURE FLUID 
EVENT. 
If a low temperature fluid interacted pervasively with the rocks, it will have 
imposed its isotopic signature on the relevant minerals to the same extent regardless 
of the previous layer heterogeneity. As shown in section 8.7, many samples do not 
show evidence of interaction with this fluid. It is obvious therefore that this fluid was 
not pervasive. 
The samples which showed significant deviation from their expected 
compositions using Gilleti's model were, ClOb, C49L, C62, and A60. The 
petrographic nature of all these samples differs (see table 8.2). It not possible 
therefore to identify a particular rock-type vulnerable to this fluid activity, it is not 
possible either to identify a geographical distribution for the activity of this fluid. 
Not enough data are available to properly assess the degree of fluid activity 
during this secondary event. it can be concluded, however, that it was not pervasive. 
266 
8.10. CONCLUSIONS. 
The isotopic signature of the leucocratic segregations is consistent with an 
in situ partial melt origin. Evidence of interaction with isotopically light igneous fluid 
is observed, but is limited. 
The present study cannot throw light on uncertainties as regards the source 
and distribution of fluids prior to the melting event. 
Much of the unexpected fractionation behaviour and isotopic reversals 
observed in the mineral compositions of many samples can be explained by the 
closure of some minerals before others. This has been demonstrated by modelling the 
cooling isotopic system using COOL. The maximum reversal observed in this way 
was 0.5-1 .0%o. This is a consequence of closed system cooling. 
More extensive melting is coincident with large-scale isotopic 
homogenisation indicating enhanced communication between rock layers. This 
enhanced communication might be facilitated by increased melt or volatile activity; 
testing suggests melt. 
Interaction with a secondary low temperature fluid is required to explain 
the observed mineral compositions in certain samples. The most realistic source for 
this fluid is magmatic, originating from the phase II granite. This secondary fluid 
activity is limited. 
CHAPTER 9. CONCLUSIONS. 
9.1. SUMMARY OF THE CONCLUSIONS OF PRECEDING CHAPTERS. 
The main conclusions have been recorded at the end of each chapter; this 
section represents a brief summary of these and will frequently refer back to sections 
in previous chapters where aspects are discussed in more detail. 
Detailed field and hand specimen petrography on leucocratic features found in 
the rocks of Alit (3uibhsachain and Sgorr Dhearg lead to their classification into three 
main groups: boudinage and breccia structures, discrete leucosomes, and small-scale 
network structures. The main petrographic characteristics of these groups are shown 
in table 3.2. On a microscopic scale, these groups are associated with the frequent 
occurrence of crystal textures such as euhedral projections of one phase within 
another, which are interpreted as melt-related (section 3.3.1). Leucosomes tend to 
consist mainly of quartz and K-feldspar, and can often be extremely K-feldspar-
enriched. 
The different petrographic groups are thought to be a result of different melt-
related processes. The small-scale network features, and many of the discrete 
leucosoines, are proposed to represent accumulations of excess melt over and above 
the equilibrium melt fraction (section 3.3.2), i.e. the degree of melting was such that 
the grain boundaries and corners of the immediate host were saturated. Melt fractions 
are thought to be in the region 5-15%. The exact dimensions of the melt bodies which 
accumulate are controlled by the internal fabric of the rock concerned. 
The build-up of melt (and hence fluid pressure) in certain layers, is responsible 
for the hydraulic fracturing of adjacent layers and the fomiation of the houdinage ukl 
breccia structures (section 3.3.3). Close to the igneous contact and within the Sgoir 
Dhearg meta.sedime tit ary block, interaction with material derived from the igneous 
complex is responsible for local changes in the mineralogy of the matrix of sonic 
breccia examples. 
The Chaotic Zone rocks show very different petrographic characteristics to time 
Alit Guibhsachain and Sgorr Dhearg rocks, and have been divided into petrographic 
groups: hornfels fragments, laminated metasediment, granulose metased iinei it, 
granitic material, and penetrative veins systems. The characteristics of these groups 
are summarised in table 4.1. Crystal textures indicative of the presence of melt are 
extremely abunchuit in some of these groups (section 4.3.2), and some layers appear to 
have consisted almost entirely of melt, within which residual (unmelted) crystals were 
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suspended (section 4.4.3). Accurate determination of the degrees of melting in these 
groups is hampered by difficulties in identifying residual material (section 4.4.3), but 
it is thought that melt fractions may have exceeded 70% in some of these rocks. Such 
high degrees of melting exceeded the critical melt fraction, and-thus large bodies of 
melt-bearing material behaved in a ductile fashion (section 4.5.1). As with lesser 
melted rocks, the build-up of melt in certain layers has resulted in hydraulic 
fracturing. Hydraulic fracturing within the Chaotic Zone has, however, operated on a 
much larger scale due to the larger amounts of melting involved. 
Common to both the extensively, and the less extensively melted rocks, is 
evidence suggesting that original compositional layering in the rock concerned 
provided a strong control on the subsequent distribution of melt and melt-related 
features (sections 3.3.6 and 4.6). Physical movements of the melt, or melt-bearing 
material, would appear to be relatively minor, and generally involved movement into 
spaces between boudin fragments formed during the hydraulic fracturing process. 
Even the less viscous, late-stage melts which formed the pervasive veins may not 
have moved over great distances, as these veins could have been continually 
replenished laterally they moved through the melted rocks (section 4.5.2). To a large 
extent, therefore, the orientation of the layering is preserved throughout the melting 
history, even in the Chaotic Zone. 
Detailed documentation of cordierite and andalusite habits at different grades 
within the aureole rocks shows that in the case of cordierite, the presence of crystal 
characteristics such as stubby crystal habits and complex extinction properties, is 
restricted to rocks above the zone V boundary (table 5.1). Growth of stubby cord icrite 
is proposed to be a result of involvement in the melt crystallisation sequences: 
complex extinction may be related to the higher temperatures associated with these 
rocks. 
A quantitative study of the textural relationships between mineral grains in the 
high grade rocks showed that in many of the rocks the approach to textural 
equilibrium was poor (section 6.6.1). Analyses of the angular relationships between 
mineral grains in rocks where there is abundant evidence of melting show that low 
dihedral angles, in time range 50-60 1, are preserved which coincide with 
experimentally-derived wetting angles for granitic-type silicate liquids (section 6.6.2). 
Similar analyses on rocks where melt activity is thought to have been at a minimum 
showed that there was a much higher melt presence than expected. 
The exact composition of the melt is extremely difficult to ascertain. Modal 
arid chemical analyses of various leucosome types, and melt-hearing components, 
often did not correspond well to the expected minimum melts for pelitic/senii-pelitic 
compositions as based on experimental studies (chapter 7). ilmis lack of 
correspondance is thought to be the result of diffusion within the melt phase during 
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crystallisation. Diffusion is facilitated by the tendency of the melt to form an 
interconnected network, even at small melt fractions. Such diffusive proesses are 
triggered by compositional gradients across layer boundaries, and around growing 
crystals. Details of the nature of these diffusive processes and their consequences are 
given in sections 3.3.2 and 4.4.2. Figs. 3.2 and 4.2 are schematic illustrations of (lie 
development of these processes. In less extensively melted rocks diffusion of 
components in the melt between the melt occupying the larger melt pools and 
veinlets, and melt occupying grain boundaries in the adjacent rock results in the 
formation of the often extremely K-feldspar-enriched leucosomes. In the more 
extensively melted rocks, the overall result appears to have been extensive 
compositional homogenisation (section 7.4). 
Field relations suggest that melt was locally derived, a hypothesis which is 
reinforced by isotopic evidence. A comparison of the oxygen isotope compositions of 
leucosornes and their adjacent horniels (section 8.6) shows that there is much 
similarity in the isotopic compositions, thus supporting a local origin for the melt. 
In the Chaotic Zone, isotopic homogenisation on a scale of tens of metres has 
occurred (section 8.9). Such extensive homogenisation is indicative of enhanced 
communication between the rock layers, and therefore supports the petrographic 
evidence for larger degrees of melting in this area. Melt present in large anlounts 
would provide an interconnected phase over a large area through which diffusion of 
oxygen isotopes would be possible. Alternatively, such hornogenisation could be 
facilitated by pervasive fluid activity prior to melting. This alternative explanation is 
also compatible with increased degrees of melting in this area. The former 
explanation is favoured in this study on the basis of some preliminary work on the 
oxygen isotopic compositions of some lower grade rocks (section 8.9.1). 
Consideration of the isotopic equilibration between mineral phases (sect ion 
8.7) indicates that late-stage fluid activity is limited in these rocks. An important 
conclusion froin this part of the isotope study was that consideration of isotopic 
equilibration using traditional methods may give a false impression of the amount of 
late-stage fluid activity. Computer modelling of the isotopic compositions using the 
P 0 COOL (Jenkin et al, 1989) based on Giletri's model of isotopic equilibration 
in a closed cooling system (Giletti, 1986) gave a much closer approach to tIme 
observed isotopic compositions (section 8.7.2). 
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9.2. IMPLICATIONS WITH RESPECT TO OTHER STUDIES ON 
PARTIALLY MELTED ROCKS. 
It has become apparent during the course of this research, that melt-related 
processes can be divided into three main groups:- 
(1). Those which are active during the formation and accumulation of the melt. 
Processes related to changes in the structural properties of the rocks 
concerned due to the presence of melt. 
Processes active during the subsequent crystallisation of the inch phase. 
Perhaps one of the most important points to arise from the present study 
concerns the role of textural equilibration in the above processes. The angular 
relationships of the melt with surrounding solid phases control its distribution and 
interconnectivity throughout the host rock. It is therefore essential in any study of 
partial melting activity to consider these effects. During the accumulation of the melt 
phase angular constraints play an important role in controlling its distribution 
throughout the host rock. At small degrees of inciting, the melt will fonu ul 
interconnected phase, evenly distributed throughout the volume concerned. As the 
melt fraction increases (and melt is not permitted to escape) surface tension effects 
come into play, causing some melt to collect into larger pools and veinlets. It is these 
pools and veinlets which subsequently crystallise to form the now-present 
leucosomes. 
An important point to note from the above is that melt was not restricted to the 
volume now represented by the leucosome, but was also present along the graili 
boundaries of the adjacent rock. The presence of iiitergranular melt in rock adjacent to 
melt pools has important implications with respect to the action of diffusive processes 
during crystallisation of the melt phase. Diffusive processes could have had an 
enormous influence on the subsequent compositions of the leucosomnes. If a 
significant amount of crystallisation of the melt at an early stage takes place in the 
melt volume occupying grain boundaries in the rock adjacent to the melt Pools  the 
resultant compositional gradients could lead to considerable changes in time 
composition of melt occupying the larger pool. 
One of the most common problems encountered in the interpretation of 
mnigmatite terrains is that of reconciling the observed compositions of leimcosomnes 
with the compositions expected for minimum melts in the rocks concerned. Diffusion 
of melt components between melt pools and intergranular melt in the adjacent rock 
could explain these discrepancies iii melt composition. 
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9.3. FUTURE WORK. 
It was outwith the scope of the present study to consider fully aspects of the 
detailed mineral characteristics and mineral chemistry of these rocks. Chapter 5 
documented some of the habits shown by cordierite and andalusite in the aureole, and 
discussed some possible explanations for the features observed. Further X-ray and 
TEM studies on these minerals are required to fully understand their modes of 
formation. 
A certain amount of mineral chemistry was investigated as part of the present 
study, but unfortunately time has not allowed it to be taken to its full potential. The 
initial results of this study are given in appendix VU, along with some general 
observations as to the trends seen in the data. Further work in this area could lead 10 a 
better understanding of chemical potential gradients acting across boundaries between 
melted and unmelted material in these rocks. 
Further study concerning details of the chemical potential gradients driving 
diffusive processes within the melt phase would also provide valuable insight to melt 
crystallisation behaviour in partially melted rocks. 
Another area of possible further study concerns the detenninatioii of' tIme 
sources of fluid in the rocks prior and subsequent to the melting activity (section 8.8 
and 8.9J). This requires a D/E! stable isotope study, in conjunction with inure 
18 , 16  work on rocks below the zone V isograd. Some D/l-1 work on biotites is 




This appendix contains details of certain techniques used in the course of this 
thesis project which are not given elsewhere in, either the main part of the text, or in 
the following appendices. 
IA. ROUTINE SAMPLE TREATMENT 
Bleaching. 
This technique removes lichen etc. from the surface of the rock, leaving a 
fresh surface on which features can be clearly seen. Leave the samples to soak 
overnight, or longer if necessary, in sodium hypochioride solution (10-14% available 
chlorine), then scrub with a wire brush. 
Staining. 
After slabbing the hand specimens, the surfaces of interest were polished 
down to 400pm in preparation for the staining process. The surfaces were polished 
because it was thought that surface fineness might affect the efficiency of time staining 
technique. However, a short study by P. Aspen (Edinburgh University) ascertained 
that over the range 120 to 400pm, very little difference was detected. 
The materials required are:- 
Reagent grade sodium cobalt initrite, about 50g dissolved in I OOiiml H 
distilled water. 
Concentrated hydrofluoric acid (HF), 20-30m1. 
Dilute boric acid. 2-3 litres. 
Uydrofluoric acid should be treated with care and thick plastic gloves (or 
numerous thicknesses of rubber gloves!) and a face visor should be worn Ille 
staining process. 
Hand specimens. 
The staining technique for hand specimens closely followed that appended in 
the thesis of Pattison (1985). 
I. Prepare two shallow plastic tubs in a hF fume cupboard, both of which are 
large enough to fit the largest specimen to he stained. Fill one basin with boric acid, 
and the other with just enough HF to completely wet the surface to be stained (20- 
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30m1 is usually enough). Prepare a third tub in the same way with enough sodium 
cobaltinitrjte solution to cover the surface to be stained. 
2. Staining procedure:- a). Dip surface to be stained into HF for about 30 
seconds agitating gently throughout, rinse in boric acid then under tap water. 
Dip in sodium cobaltinitrite solution for about 1 minute again agitating 
gently, and then rinse under hot water (evaporates more quickly). 
When completely dry, spray the stained surface with a clear lacquer to 
preserve the stain. 
Thin sections. 
This technique, adapted from Chayes (1952), was found to be successful only 
occasionally in the present study. The reason for this was not apparent; variation of 
the contact times with the various reagents involved did not improve the performance. 
Prepare a small plastic beaker (small enough to balance a thin section on the 
rim) with about 10inl HF in the bottom. 
Grease the back of the sections (uncovered) to be stained. This prevents the 
HF reacting with the glass and producing cloudiness. 
Balance the section face down on the rim of the small beaker. Place a large 
beaker upside-down over the whole set-up to stop fumes escaping and therefore allow 
increased contact between the HF fumes and the section. Leave for 1-2 minutes. 
Immerse the section immediately into cobaltinitrite solution for 30-60 
seconds, and then rinse under hot water. 
When finished staining, use boric acid to neutralise the HF; at least a litre for 
every lOinI of acid used. The sodium cobaltinitrite solution can be retained for future 
use (it is advantageous to keep it in a place out of direct sunlight). 
lB. MINERAL SEPARATION TECHNIQUES. 
Initial sample preparation. 
The samples were first ground fine enough that the possibility of composite. 
grains (more than one mineral type contained in one grain) was reduced as much as 
possible. It should be noted, however, that grain sizes less than 200 mesh can be too 
fine and lead to problems of "clogging" during later procedures. In order to remove 
very line material from the resultant powder, the sample was washed with water: mix 
the sample with a generous amount of water in a large beaker, decant off the water 
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(along with any suspended dust etc.),. and then leave the sample to dry thoroughly 
before continuing. 
Magnetic separation  
Minerals such as biotite, muscovite, cordierite, and opaques, are magnetic and 
can be separated from the rest of the sample on the basis of their magnetic properties. 
This was achieved using a Frantz Isodynamic Magnetic Separator. Different minerals 
can be separated from the main body of the sample by setting the magnet at varying 
strengths. For more delicate work, the degree of forward and cross slope can he 
altered to achieve good results. Rough estimates of the magnetic susceptibilities of 
common minerals are available in the C.R.C. Handbook, but in the main the 
necessary settings must be ascertained by trial and error, and often vary from sample 
to sample. Some approximate Frantz settings found to work in the present study are 
given below:- 
Mineral Cross slope Forward slope Current 
setting 
Opaques 200 200 0.4A 
Biotite 15 0 200  0.45A 
Cordierite 200 200 1.75A 
The porpliyroblastic and inclusion-filled nature of much of the coidierie 
found in the Ballacllulish rocks makes accurate separation impossible. It was, 
however, possible using this technique to successfully separate biotite and opaques. 
The other minerals of interest in this study were quartz and feldspar. It was possible 
by setting the magnet at a very high current (>l.75A) and setting a very low cross 
slope (5_100), to remove much unwanted alteration product etc. !'roui the 
nonmagnetic quartz/feldspar-bearing fraction. 
Heavy liquid separation. 
The densities of some nonmagnetic minerals (taken from Deer, Howie uKl 
Zu.ssmnan, 1966) are given below:- 
Quartz 	 2.65g/cm 3 
K-feldspar 	 2.55-2.63g/cm 3 
Plagioclase 2.63-2.75g/cin 3 
Audalusite 	 3.13-3. 16g/cm3 
Heavy liquid separation was found to be very successful in removing heavy 
mineraissuch as andalusite from the nonmagnetic fraction. it also proved satisfactory 
in the separation of a light feldspar-rich (K-feldspar and plagioclase) fraction from the 
quartz. The overlapping densities of certain plagioclase compositions and quartz 
resulted in the contamination of the heavy quartz fraction with small amounts of 
plagioclase. This problem is discussed in section 8.4.2, along with the remedy, i.e. yet 
further treatment with fluorosaiicic acid. 
Materials. 
The materials required are:- 
General purpose reagent 1,1,2,2-tetrabromoethane (TBE). One 500m1 bottle 
is enough, as it can be continually recycled (see later). 
Carbon tetrachloride (Cd4) - to be used in adjusting the density of the 
TBE. 
TBE and Cd4 are both dangerous chemicals and should be handled with care, 
rubber gloves should be worn at all times. All work should be carried out in a fume 
cupboard and contact with fumes therefore kept to a minimum. 
Other equipment required includes, glass separation tubes with stoppers; 
bungs; a rack in which to hold the tubes; two buchner flasks, funnels; filter papers. 
Access to a centrifuge, and a vacuum system will be required. 
Procedure. 
Place sample powder in the bottom of the tubes. Do not more than half hill 
the bulbous part of the tube as this will lead to problems later in mixing the sample 
thoroughly with the liquid. Bear in mind that the tubes are subsequently to be placed 
in a centrifuge and must therefore be reasonably comparable in weight. 
Adjust the density of the TBE to the desired value by adding Cd1 4. i]me 
density can be roughly monitored using small blocks available in the laboratory which 
are calibrated to certain known densities. 
Add the liquid to the sample powder already in the tubes. Place a hung in 
the top of the tube and shake thoroughly. 
Place the tubes in the centrifuge for 5-10 minutes. 
Following centrifuging, a certain fraction of the sample  ple should have snk, 
whilst the remainder floats. If not, some fine adjustment of the density of the heavy 
liquid may be required. If necessary, therefore, add a few drops of either TBE or 
CCI4, and repeat the centrifuging. 
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After a satisfactory separation, attach two bucimer flasks (marked "TBE to 
be recovered"/flask A and "TBE plus acetone"/flask B) to the vacuum systeim Place a 
funnel plus, filter paper in flask A. 
Take the first tube and very carefully push the stopper down through that 
part of the sample which is floating on the surface and use it to block off the bottom 
bulbous part of the tube. Holding the stopper in, pour the top portion of the liquid 
(plus light fraction) into flask A. 
After most of the TBE has been sucked through into flask A, move the 
funnel onto flask B. Wash the sample thoroughly with acetone and allow to dry. 
Attach the second funnel to flask A, and into it pour the remaining liquid 
and the heavy fraction of the sample. After the TBE has been sucked through into 
flask A, move the funnel onto flask B and, as with the light fraction, wash thoroughly 
with acetone and allow to dry. 
If the above procedure is followed flask A will contain relatively dense 'l'13E 
which can he easily recycled by filtering and allowing the CCI4 to evaporate away. hi 





Point counting was carried out using a section holder mounted on the 
microscopic stage, and a hand-operated counter. Standard deviations were estimated 
according to the chart of Van der Plas and Tohi (1965). Correct use of this chart 
involves selection of a point interval which is larger than the largest grain in the area 
of interest. Wherever possible this stipulation was adhered to, but occasionally the 
very coarse grain-size of the leucosomes when compared to the overall area occupied 
in the thin section forced use of a smaller point interval in order to get a reasonable 
number of counts. 
Analyses. 
The following tables are arranged according to the type of leucosome, or melt-
related feature represented. The numbers in brackets are the 2 values within a 95% 
confidence interval (Van der Plas and Tobi, 1965), also given are the number of 
points counted and the point interval (P1). 
ALLT GUIBHSACHAIN AND SGORR DHEARG ROCKS 
1. BOUDINAGE/BRECCIA STRUCTURES 
A'Cross Cutting Leucosomes 
Sample 	C18/4 	C23(1) 	C34/lCgr 	C34/Fgr 
Qtz 	=29.61 (4.4) 14.75 (3.6) 42.66 (8.0) 43.24(10.6) 
K-Feld 	=29.61 (4.4)70.75 (4.5)07.34(3.5) 51.35(10.7) 
Plag =02.28 (1.2) 	 44.04 (8.1) 04.05 
St 	=08.66 (2.5) 07.25 (2.5) 	 01.35 
Nusc =25.74 (4.2) 	 05.05 (2.5) 
CM 




Torm 	=03.87 (1.9) 04.75 (2.1) 00.46 
Op =00.23 	01.75 (1.1) 00.46 
P1 	=00.2 	 00.2 	 00.5 	 00.5 
No Pt3 	 439 	 400 	 218 	 74 
Sample 	 D67 	 B14 
Qtz 	=29.81 (6.5) 06.67 (4.7) 
K-Feld 	=60.10(6.9) 80.83 (7.3) 
Plag =01.92 









P1 	=00.5 	 00.2 
No Ptz 	 208 	 120 
Layer parallel K-Feldspar rich leucosomes 
Sample C18/4 C23 	(2) C23 LA B14 
Qtz =14.37 	(3.0) 12.33 00.20 09.00 (4.0) 
• 	K-Fold =67.12(4.1) 73.67 77.20 	(3.8) , 77.00 (5.9) 
Plag -00.38 00.20 
Bt -10.96 	(2.6) 13.67 - 20.20 	(3.7) 09.00 (4.0) 
Plusc =01.32 05.00 (3.0) 
Chi = 




Torm -00.38 00.60 
Op -05.48 	(1.7) 00.33 01.20 	(1.0) 
Pt =00.2 00.2 00.2 00.2 
No Pts 529 500 200 
Uniform leucocratic matrix 
Sample 	- 	C21 	 C288 	C48X/1 	C49/3 
Qtz -10.30(1.3)72.70(3.3) 13.84 	(4.0) 29.33 	(5.3) 
K-Feld -38.74(2.5) 20.60 	(3.1) 04.15 	(2.4) 51.00 	(5.8) 
Plag =09.50 	(1.2) 57.09 	(6.0) 13.00 	(4.0) 
Bt =18.57 	(1.7) 04.90 	(1.6) 20.07 	(4.8) 06.67 	(3.0) 
Nusc = 
Chl = 




Torm - 00.35 
Op =01.48 01.60 00.69 
P1 =00.2 00.5 00.5 00.5 
No Pts - 	1621 700 289 300 
(1) (3) (2) (1) 
Sample - 	C49/6 C568 C57B B5/2 matrix 
Qtz -10.25 	(3.0) 30.83 	(3.8) 00.33 48.18(10.0) 
K-Feld -68.00(4.6)23.83 (3.6) 39.00 	(5.6) 18.18 	(7.7) 
Plag -11.00(3.2)32.67(3.8)00.67 16.36 	(7.6) 
Bt -10.25 	(3.0) 10.33 	(2.5) 22.33 	(4.8) 17.27 	(7.6) 
NU5C - 01.33 	(1.0) 
Chi = 01.00 





Op =00.50 04.34 	(2.0) 
Pt =00.5 00.5 00.5 01.5 
No Pts - 	400 600 300 110 
(1) (2) (3) (2) 
Sample 812 822 0221A D217-1 
Qtz =14.29 	(5.5) 14.23 	(4.4) 
K-Feld =07.45(3.0)02.85(1.8)15.50(5.0) 11-99 	(3.8) 
Plag =55.90(7.7) 57.32 	(6.2) 09.00 	(4.0) 03.00 	(1.5) 
Bt =22.36 	(6.6) 06.50 	(3.0) 48.50 	(7.0) 54.31 	(6.1) 







Op = 02.44 	(1.0) 01.00 01.11 
Amph = 16.67 	(4.8) 13.00 	(4.8) 17.98 	(4.7) 
Pt =01.5 01.5 01.5 01.5 
No Pts 161 246 200 267 
(4) (4) (4) (4) 
K 	feldspar rich leucocratic matrix 
Plagioclase rich 	leucocratic matrix 
Ductile semi 	politic matrix 
Nodes of igneous rocks for comparison 
2. DISCRETE LEUCOSOMES 
(A) Irregularly shaped discontinuous 
Sample 	CLC6 x-cut 	ClOc (4) 	C22 	 C40/2 
Qtz 	=63.00 (9.7) 54.00(14.0) 08.00 (3.8) 30.40 (5.2) 
K-Fold 	=08.00(5.5) 29.00(13.0) 80.00 (5.7) 53.19 (5.6) 
Plag = 	 11.25 (3.5) 






Cor 	= 	 01.52 
Torm = 
Op 	=06.00 (4.7) 	 05.50 (3.1) 
P1 	=00.5 	 00.2 	 00.2 	 00.5 
No Pts 	= 	100 	 52 	 200. 	 329 
Sample 	 C31 
Qtz 	=26.42 (5.0) 
K-Feld 	=57.23 (5.6) 
Plag =09.43 (3.2) 
St 	=05.35 (2.6) 
Plusc = 
Chi 







No Pta 	- 	318 
Thin layer-parallel qtzofeldspathic/feldspathic veins 
Sample 	CLC6 vert 	C58 
Qtz 	=43.00 (9.8) 19.07 (5.7) 
K-Feld 	=34.00 (9.4) 69.07 (6.8) 
flag - 	 03.61 (1.0) 
St 	=09.00 (5.8) 5.67 (3.6) 
Nusc 
Chi 	= 





Op :14.00 (7.0) 00.52 
P1 	=00.5 	 00.2 
No Pta 	= 	100 	 194 
Coarse grained quartz, muscovite leucosomes 
Sample 	- 	C7/2 	 C19 	 C45 	 C52 
Qtz 	=47.67 (5.8) 32.00 (4.1) 50.80 (5.5) 36.64 (4.4) 
K-Fold 	-05.00 (2.5) 41.80 (4.3) 09.90 (3.5) 37.75 (4.6) 
Plag 34.33 (5.4) 10.00 (2.6) 33.23 (5.2) 18.98 (3.6) 
St 	=00.33 	 05.08 (2.0) 
NUSC = 	 11.20 (2.7) 03.83 	01.32 (1.0) 
ChI 	=10.67 (3.3) 00.60 




Torm = 	 01.40 	02.24 
Op 	 00.22 (1.0) 
P1 	=00.2 	 00.5 	 01.0 	 01.0 
No Pta 	= 	300 	 500 	 313 	 453 
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3. SMALL SCALE NETWORK FEATURES 
(A) Quartz rich 	 (B) Quartz bearing 
Sample - 	0667 C61 
Qtz - - =06.73 (2.0) 
X-Feld =50.12 (5.0) 60.01 	(6.2) 
Flag -07.48 (2.5) 
St. =18.45 (3.9) 30.62 	(5.7) 
Nusc =03.24 (1.2) 
chi 




Torm 04.24 (1.8) 02.71 	(1.1) 
Op 02.00 (1.0) 04.26 	(2.3) 
P1 =00.2 00.2 
No Pt, 400 . 	 258 
CHAOTIC ZONE ROCKS 
1. FRAGMENTS 	 2.LANINATED METASEDIMENT 
Sample CLA36 CLA59/1 
Qtz =02.00 13.6; (2.8) 
K-Feld =16.50(5.2) 34.00 (3.8) 
Flag =04.50 (3.0) 07.33 (2.0) 
Bt =03.00 (1.0) 27.67 (3.6) 
Muac = 
Chi 
Cd =38.50 (6.8) 16.33 (3.0) 
Sill 
And =26.50 (6.2) 
Cor = 
Torm 
Op =09.00 (4.0) 01.00 
P1 =00.5 00.5 
No Pta • 	200 600 
3. GRANULOSE METASEDINENTS 
Sample 	= A58/1 	 MO 	 A4 	 A20 
Qtz 	=30.00 (4.6) 24.50 (4.3) 24.75 (4.3) 28.00 (4.4) 
K-Feld 	17.25 (3.8) 18.50 (3.8) 21.50 (4.1) 26.00 (4.3) 
Flag =15.50(3.5) 18.25 (3.8) 15.00 (3.5) 16.00 (:3.6) 
St 	=10.50 (3.0) 09.50 (2.9) 06.50 (2.4) 04.00 (1.9) 
Musc =06.25(2.4)04.50(2.0) 04.75 (2.0) 
CM 
Cd 	=19.75 (4.0) 11.50 (3.2) 15.75 (3.7) 21.25 (4.1) 
Sill = 	 > 
And 	=00.75 	)9.50 (2.9) )6.50 (2.4) 00.50 
Cor = 
Torm 
Op 	= 	 03.75 (1.9) 05.25 (2.0) 04.25 (1.9) 
Fl 	=00.2 	 00.5 	 00.5 	 00.5 
No Pts 	 400 	 400 	 400 	 400 
Sample 	= 	A17d/2 	A22/3 
Qtz 	=19.00 (3.9) 28.50 (4.6) 
K-Feld 	=30.25 (4.6) 27.00 (4.4) 
Flag =10.00 (3.0) 15.75 (3.7) 
Bt 	=03.00 (1.8) 01.50 (1.0) 
Muse = 
CM 	= 
Cd =29.25 (4.6) 21.75 (4.2) 
Sill 	=03.50 (1.9) 
And = 	 00.75 
Cor 	= 
Torm - 
Op 	:05.00 (2.1) 04.75 (2.0) 
P1 	=00.2 	 00.5 
No Pta 	= 	400 	 400 
LOt) 
GRANITIC MATERIAL 
Sample A2b A57B/2 A58X 
Qtz =43.00(5.7)31.50(4.7)37.82(5.2) 
X-Feld =21.33 (4.6) 22.25 (4.2) 20.63 (4.4) 
Flag =23.33 (4.8) 30.25 (4.6) 24.93 (4.7) 
Bt 04.25 (1.9) 04.01 (2.0) 
NU50 =7.67 (3.0) 02.25 (1.3) 09.46 (3.1) 
ChI =02.67 (1.0) 
Cd - 07.50 (2.5) 00.29 
Sill 
And - 01.00 
Cor 
Torm 
Op -02.00 (1.0) 01.00 00.29 
P1 =00.5 01.0 01.0 
No Pts 300 400 349 
PERVASIVE VEINS 
Sample = A9 CL2d/1 CLA46X 
Qtz 35.33 (7.5) 42.78 (7.3) 28.50 (6.3) 
X-Feld =11.33 (5.0) 26.74 (6.5) 30.00 (6.4) 
Flag -05.34(3.5) 19.50 (5.6) 
Bt =10.00 (4.9) 09.09 (4.2) 04.00 (2.8) 
)1u3c =11.33(5.0) 12.30 (4.9) 03.00 (2.5) 
ChI =09.34 (4.7) 08.02 (4.0) 
Cd =06.67 (4.3) 00.54 14.50 (5.0) 
Sill 
And =07.33 (4.5) 
Cor = 
Torm =02.00 
Op =01.33 00.53 00.50 
P1 =00.5 00.5 00.5 
No Pt! = 	150 187 200 
zoI 
APPENDIX 1111 
BULK CHEMICAL ANALYSES. 
Method. 
Major element analyses were carried out using a Philips PW1450 sequential 
automatic X-ray spectrometer. Full details on the preparation of fused glass discs, and 
analytical correction procedures are given in Fitton et al (1984), Thirlwail (1979) and 
Fitton and Dunlop (1985). 
The data was calibrated using international rock standards (Abbey, 1980). 
Tabulated below is an example of the precision which might be expected following 
duplicate analyses of one sample (from Martin, 1985). Also given are major element 
root mean square deviations (r.rn.s.d.) from the international standards as a measure 
of analytical accuracy. 
Oxide Mean Wt % Icy Accuracy 
SiO2 58.99 0.17 0.22 
TiO2 0.76 0.002 0.01 
15.10 0.04 0.12 
Fe203* 10.31 0.03 0.05 
MnO 0.25 0.006 0.01 
CaO 2.58 0.02 0.05 
Na20 6.41 0.02 0.06 
K20 4.76 0.011 0.02 
P2 5 0.12 0.003 0.01 
* - all FeO calculated as Fe 203 . 
The full analyses are listed in the following table. 
APPENDIX III - 	-. 
SAMPLE = CLA2B 	CLA4 	CLA16 	CLA22 	CLA36 
S102 = 76.905 65.087 67.010 69.375 48.056 
A1203 12.648 19.184 16.761 15.306 31.440 
Fe203(T) = 2.266 7.316 5.292 5.256 11.530 
MgO . 	0.442 1.562 1.263 1.343 2.117 
CaO = 0.251 1.111 1.124 1.303 0.821 
Na20 = 1.593 2.258 2.542 2.310 1.823 
1(20 = 4.593 3.969 4.192 3.021 3.808 
T102 = 0.400 0.923 0.817 0.898 1.509 
MnO = 0.030 0.096 0.071 0.068 0.102 
P205 0.066 0.111 0.098 0.074 0.073 
Total 99.194 101.617 99.170 98.954 101.279 
SAMPLE CLA52 CLA57B CLASS CLA59 CLA61 
S102 = 98.290 74.613 62.686 63.880 59.701 
A1203 = 0.825 14.139 18.693 17.995 21.143 
Fe203(T) = 0.194 2.533 6.916 6.943 6.566 
•MgO = 0.000 0.656 1.538 1.676 1.475 
CaO = 0.054 0.866 0.595 0.824 0.860 
Na20 = 0.005 2.389 1.658 1.902 1.986 
1(20 = 0.180 3.289 4.830 5.313 3.855 
Ti02 0.010 0.384 0.975 1.061 0.967 
MnO = 0.007 0.042 0.070 0.098 0.131 
P205 = 0.014 0.112 0.091 0.097 0.113 
Total = 99.579 99.023 98.052 99.789 96.797 
SAMPLE = CLC7 CLCIOB CLC16L CLC16N CLC40H 
S102 = 77.425 74.388 57.792 51.900 55.994 
A1203 = 11.635 12.130 17.945 28.201 24.308 
Fe203(T) = 3.153 4.837 7.985 6.273 4.477 
MgO = 0.866 1.361 2.799 2.540 1.401 
CaO = 0.735 0.452 0.160 0.219 0.218 
Na20 = 4.240 2.314 2.572 2.132 3.139 
1(20 = 1.177 2.822 8.881 5.597 6.865 
T102 = 0.374 0.479 0.796 1.312 0.962 
MnO = 0.012 0.014 0.035 0.064 0.017 
P205 = 0.052 0.039 0.072 0.050 0.043 
Total = 99.669 98.836 99.037 98.288 97.424 
SAMPLE = CLC49 CLC55 CLC56A CL.C62 
5102 = 73.381 62.405 70.107 74.111 
A1203 = 13.910 19.798 15.375 14.251 
Fe203(T) = 1.723 6.706 2.290 0.785 
MgO = 0.616 2.538 0.932 0.148 
CaO 0.623 0.453 1.335 0.372 
Na20 = 3.815 1.851 4.072 4.398 
1(20 = 5.089 5.620 4.453 5.438 
T102 = 0.397 1.000 0.445 0.127 
MnO = 0.006 0.028 0.019 0.009 
P205 = 0.064 0.067, 0.051 0.106 




- 	= A(106[f2) + B 
Bottinga and Javoy (1973,1975), Jenkin et a! (1989). 
Mineral Pair A B 
Quartz-biotite -0.60 2.096 
Biotite-water 0.40 -3.1 
Quartz-water 4.10 -3.7 
K-feldspar-water 3.13 -3.7 
Plagioclase(An 35)-water 2.766 -3.7 




Marsuizisa era! (1979). 
Mineral pair A B Temperature Range ( ° C). 
Quartz-water 2.05 -1.14 500-800 
3.34 -3.31 250-500 
Albite-water 1.59 -1.16 500-80() 
2.39 -2.51 400-500 
Anorthite-water 1.04 -2.01 500-800 
1.49 -2.81 400-500 
- öY = A + B(103iT) + C(1061F2) 
Schutze (1980), Richter and Hoernes (1988) 
Mineral pair C B A 
Biotite-water 0.66 -1.06 -1.95 
Albite-water 2.79 -0.32 -2.83 
Orthoclase-water 2.79 -0.32 -2.83 
Quartz-water 3.70 0.00 -3.21 
Cord ierite-water *  1.34 -0.82 -2.23 
* - Calculated by the present author using the same numerical method as the aforementioned authors. 
The fractionation factors used in the COOL modelling are those of Matsuhisa et al 
(1979)for quartz-, K-feldspar-, plagioclase-water fractionation; and those of Schutze 
(1980) and Richter and 1-loernes (1988) for biotite-, and cordierite-water fractionation. 
285 
APPENDIX V 
• INPUT DATA USED FOR THE COOL PROGRAM 
Diffusion Data. 
Mineral Temperature Activation Pre-exponential Source 
Range Energy Factor 
oc kcal/mol cin2/sec 
Alpha-quartz 500-550 68 190 1 
Beta-quartz 600-825 23.4 3.4x10 9 2 
Orthoclase 350-700 25.6 4.5x10 8 3 
Albite 350-800 21.3 2.31x10 9 3 
Biotite 500-800 29 1.03x109 4** 
Cordierite - 24.2 2.27x108 * 
All above data refers to diffusion via a self-diffusive mechanism. 
1-Gileui and Yund, 1984; 2-Elphick et al l  1986; 3-Giletti et al, 1978; 3-Giletti and Anderson, 1975 
Notes 
* these values were calculated using the empirical model of Fortier and Giletti, 1989 (see later in this 
appendix). 
** the data actually concerned phiogopite-water fractionation. This assumed to be appropriate for 
biotite-water fractionation also. 
Anisotroov Parameters. 
Anisotropy parameters are discussed at more length in the manual accompanying 
COOL (Jenkin et a.1, 1989). 
Diffusion in quartz and biotite is best represented by the infinite plate model, and 
hence an anisotropy parameter of 8.7 was used as input to the program. DiFfusion in 
feldspars and cordierite is best represented by the spherical model, and an anisotropy 
parameter of 55. 
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Gram Sizes (millimetres). 
Alit Guibhsachain. 
Mineral C7 CIOb C49L C55 C56L C62 
Quartz 0.1 0.15 1.0 0..2 0.75 2.0 
K-feldspar 0.1 0.15 1.0 0.15 0.75 2.0-8.0 
Plagioclase 0.1 0.15 0.5x1.0 0.15 1.0x2.0 1.0 
Biotite 0.1 0.1 0.15 0.05 0.2 0.2 
Cordierite 0.2 0.05 - 0.2 - - 
FSP* 0.1 0.15 1.0 0.15 1.0 5.0 
The Chaotic Zone. 
Mineral A59 A58 A57B A36 A6() A4 
Quartz 0.25 0.3 1.2 0.1 0.25 0.15 
K-feldspar 0.1-0.2 0.2 1.0 0.1 0.1 0.05 
Plagioclase 0.1-0.2 0.1 0.5x3.0 0.1 0.5-1.0 0.4 
Biotite 0.075 0.1 0.2 0.1 0.75 0.4 
Cordierite 0.25 0.2 0.2 1.75 0.2 0.2 
FSP* 0.15 0.15 1.0 0.1 0.1 0.05 
* - the FSP grain-size is that value taken to represent the grain-size of both K-feldspar and plagioclase 
in the sample. 
Notes - the grain-size measurement in most cases are the diameter of the grain in question. in the case 
of biotite it refers to the width of the laths and thus parallel to the c-axis. Measurements for quartz 
should also be parallel to the c-axis but, due to difficulties often found in ascertaining the orientation of 
quartz crystals, the diameter was assumed appropriate. 
The followin g information on the calculation of diffusion data from mineral anaylses was compiled by G.R.T. Jenkin (East Kilbride). 
PREDICrINC DIFFUSION COEFFICIENTS USING TUE 
MODEL OF FORT1ER AND GILETrI (1989). 
Fortier and Ciletti (1989) devised an empirical model which can be 
used to predict the diffusion coefficients of silicate minerals where 
esp'rimental data are not available. The model is based on the 
observed correlation between log 0 and Z (the total ionic porosity of a 
mineral) at a given temperature. To demonstrate the working for the 
model, the diffusion parameters (E and D) are calculated her, for the 
diffusion of oxygen is cordierite. At present there are no experimental 
oxygen diffusion data available for this mineral, yet its 180/ 160 ratio, 
are currently of much interest. 
The first step is to calculate the volume of the unit cell at 24C. From 
DH.Z (An introduction to the rock forming minerals, (966) we can see 
that a-17.06A, b-9 69A and c-'9.4A. Since the low temperature form of 
this mineral is orthorhombic then the volume of the unit cell (VCI4) - 
a.b.c - 1553.9313. (The equation for the volume would be different for 
hesagonal, monoclinic triclinic minerals, where a,b and c are not a 
right angles). What is actually needed to calculate 0 is the volume of 
the Unit cell at the temperature of interest. Fortier and Gilettl use the 
unit cell volume at 24C and thermal expansion data from Skinner 
(1966) to obtain an equation for the unit cell volume in the range 400-
800'C of the form: 
VCT.VO. ( JVC/JT)T 
From Skinner (table 6-I) the volume expansions of cordierite from 
20C to 400 and 800C we .11 and .43% respectively. Assuming that the 
VC7I - Vc,o. then VCSOO - 1555 6A3  and Vcaoo - t560.58A. This gives 
two equations of the form of equation . 1. which can be solved 
simultaneously to give V0 and QV/T). For cordierite, these are 
1547 22A' and 00125A 3 Kt. (Remember to use  In Kelvin), 
Nest, the value of VI which is the total volume of anions and 
rations in the unit cell needs to be found. Ionic volumes are calculated 
using effective ionic radii from Shannon and rrewilt (1959) and 
assuming a spherical geometry of the ions. Note that the following 
conventions are used to calculate VI (Fortier and Giletti, note S): a. the 
02' radius was set to I 381, regardless of the coordination, b. all 
transition elements are assumed to be in a high spin ItatC, c. it is  
assumed that no changes In coordination or ionic radii take place with 
increasing temperature. The formula of cordlerite Is given by: 
A13Ug,Fe2 ')2SisAtO1s0110 	 (3.) 
where the Mg or Fe ions are in VI-fold coordination, while the Al and 
Si Ion, are In IV-fold coordination. From DH.Z It can be seen that the 
Z parameter, which In this case Is the number of formula units In the 
unit cell, Is (our. The volumes of different Ions In the unit cell are 
given In the table below. 
Ion 	Ionic radius (A) Ionic volume 	Number In 	Volume In 
(Shannon and 	(A)) (4/3 	3) unit call 	unit cell (A') 
Prewiti) 
A1 3 	0.39 	 0.248 	 16 	 3.976 
Mg 	0.72 	 1.563 	 8 	 32.508 
Fe2 ' 	0.77 	 1.912 	 8 	 15.299 
Sit. 	026 	 0.074 	 20 	 1.472 
02- 	 1.38 	 11.008 	 72 	 291608 
1110 	-038/1.38 	10.548 	 4 	 42.193 
It can be seen that the oxygen Ion Is Itself the major space filling Ion In 
the crdierlte structure. Thus In this cas, the ionic porosity will be very 
similar to the anion porosity (Dowsy. 1980). Using these data the values 
of VI for the four cordlente end members can be found by summation: 
Mg-cordlerlt. 	Fe-cordlerite 
I tydrous cordierite 	 852 759 	 85555 
Anhydrous cordierite 	810564 	 813.355 
The ionic porosity at a given temperature (Zr) is then found using: 
it-. 1 14 Vi/Vc'01 .100 	 (3.) 
F g at SOOC the values of?. are 
Mg-cordiente 	Fe-cordierlte 
Hydrous cordierite 	 45.23 	 45.05 
Anhydrous cordierite ' 	47.94 	 47.76 
Log 0 at 773-1073K can then be found using the empirical equation: 
IogO-a. (AM .8y.(8/fl(.2) 	 . 	( 4.) 
where a --2,- '3.45 104 K,y --.0.13, and 8.6.4x 302 K, for Din 
cns2sec-1 , for PH3O- 1kb. At 500'C log  is calculated to br. 
Mg-cos-dlertte 	Fe-cordlarite 
Hydrous cordierlte 	 -14.42 	 -14.54 
Anhydrous cordlerite 	-12.53 	 .12.65 
whereas at 800C, log D is calculated to be: 
Mg'cordierite 	Fe-cord lent, 
Hydrous cordiente 	 -12.53 	 -12.61 
Anhydrous cordierite 	.1127 	 -1135 
The following two points can be noted from these two tables of log 0.-
Firstly it is clear that the diffusivity of oxygen in the Mg and Fe end 
members is identical to within the normal reproducibility from 
experimental determinations (normally a factor of 2, or 0.3 in log 
units). Thus the rate of oxygen diffusion in cordierite would appear to 
be independent of the Fe/Mg ratio. Secondly, it can be seen that at these 
temperature the diffusivity of oxygen is predicted to be between one 
and two orders of magnitude faster in anhydrous cordierite, compared 
to hydrous cordierite. Thus the water content of cordierite would 
appear to have a strong influence on the rate of oxygen diffusion. 
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APPENDIX VI 
TYPICAL INPUT AND OUTPUT FROM THE COOL PROGRAM 
The following isa typical input file for COOL as run on EMAS at Edinburgh. This 
input asks the program to cool a rock of the given modal composition and 
combination of grain-sizes (the sample involved is C62, see also appendix V), from 




190 68 	2.00 	8.7 	1e6 1e6 0.45 88.15 
K-fsp 
fornKf 
4.5e-8 25.6 	5.00 	55 	1e6 1e6 0.45 73.48 
biot 
foS bi 







For further information as to the input files for the program, see Jenkin et .11, 1989. 
The format of the input is slightly different to that given in the COOL manual (Jenkin 
et al, 1989), and an example of from the manual is shown below for comparison. The 
main reason for this being some alterations required to the source code in order to run 
COOL on the EMAS system. These alterations concerned separating characters linin 
figures in the program input. In all other respects the input is the same and the COOL 
manual can he referred to when compiling new input files. 
quartz 190 68 4.0 8.7 coeff 4.1 -3.7 .171 1 
plag35 4.5e-8 25.6 8.0 55 coeff 2.766 -3.7 .623 1 
hornbl 1.0e-7 41 4.0 8.7 coeff 0.952 -3.4 .096 1 
bitite 1.0e-9 29 4.0 8.7 coeff 0.41 -3.1 .0595 1 
magtit 3.2e-14 17 1.0 55 coeff -1.47 -3.7 .026 1 






9.7 	8.0 6.6 5.2 	2.0 
0.1 
5 
A typical output froin COOL is shown below. 
OUTPUT FROM COOL - STABLE ISOTOPE MODELLING PROGRAM 
By Gaweri ienkin 
model run on çççççççççççççççççççççççç 
using COOL version 1.4 last updated 2.10.89 by Gi 
-- Input data - 
mineral Do Eact gm dim dill anis frac fracA fracB volm cone 
cm2jsec kcal/mol (mm) param file 	 frac elm 
I quartz0.19E-t-03 68.00 2.000 8.7 fomq .450 88.15 
2K-Isp 0.45E-07 25.60 5.000 55.0 fomKf * * **** ********** .45073.48 
3 biot 0.I0E-08 2900 0.200 8.7 foSbi *********** **--* .100 79.00 
starting temperature for modelling is 600 deg C 
finishing temperature for modelling is 500 deg C 
the initial value of delta(system) is 0.000 permil 
the cool ilig rate used in calculating closure temperatures 
was 	556.00 degrees C/million years 
-- mass balance calculations carried out using the approximation - 
-- that Delta = 1000 In (alpha) 
Ordered data used in mass balance calcuJation 
no mineral closure temp fracitle fracA fracB clement frac 
I quartz 584 degrcesC Iornq '' 	" 	.492 
2 biot 490 degreesC foSbi 	'' '" .098 
3 K-Isp 431 degreesC fomKi '' 	.410 
quartz blot K-Isp delta z 
quartz closed at 583 degrees C 
new effective system delta is -0.6400 permil 
new element fractions are: 
quartz biot K-Isp 
584 *****0 19 2 84080716 
Warning! time blot was still open at slopT 
Warning! the K-Isp was still open at smopl 
final delta values calculated by model 
quartz blot K-Isp 
20 0.661 -3.975 0.157 
matrix of final nmincral-inineraj fractionations (Deltas) 
(vertical minus horizontal) 
quartz blot K-ftp 
quartz 0.000 4.636 0.504 
biot -4.636 0.000 -4.132 
K-Isp -0.504 4.132 0.000 
mains of apparent mineral-mineral temperatures 
(vertical minus horizontal) 
quartz blot K-ftp 
quartz 	524.6 701.5 
biot 	524.6 ''' 500.0 
K-Isp 701.5 500.0 
A value of - I for an apparent temperature indicates that 




This appendix is intended as a record of mineral analyses carried out in the 
course of this study. Some general observations as to trends within the data will be 
summarised at the end, but further analyses are required to further contrain aspects of 
mineral chemistry in these rocks. 
Method. 
Electron microprobe analyses were carried out on both a Cambridge 
Instruments Microscan 5 (two horizontal wave length dispersive spectrometers), and a 
Cameca Camebax Microbeam (four vertical spectrometers). These microprobes have 
take-off angles of 750  and 400  respectively. Both operate at a an accelerating 
potential of 20kV, but the probe currents vary: 30nA for the Microscan 5 and 20nA 
for the Cainebax Microbearn. 




Oni, the elements of significance are listed. 
JADEITE:  
WtA Elat. 	 WtA Oxide 
	
51 27.78 	 Si02 	59.43 




ft 	11 34 Na20 	15.28 
Total 	99.94 
So.eti.ea. s.ali Fe- & Ca-rich areas are fo,.ad In the 
.ladelt.. i.0i1st this does not appear to affect the Ma 
oncentrat ion. it ay produce a slightly ier Al result. 
WOtLAST7N IDE: 
Wt.% E1.t. 	 Wt.% Oxide 
51 	 24.00 	 5102 	51.35 
Fe 0.30 rio 0.39 
Mn 	 0.12 	 MnO 	0.15 
Ca 34.32 CaO 48.02 
Total 	99.90 
OLIVINE:  
Wt.9 tint. 	 Wt.% Oxide 
Si 	 19.08 	 5102 	40.82 
Fe 7.42 7.0 9.55 
Mn 	0.09 	 MnO 	0.12 
81 0.28 810 0.36 
Mg 	29.66 	 MgO 	49.17 
Total 	100.02 
ANDRADITE: 	based on 200 analyses performed 8.1.87 
Wt.% tint 	 Wt.% Oxide 
51 
	 16.82 	 SiO2 	39.98 
1 0.09 1102 0.08 
Al 	 0.94 	 Al - 03 	1.78 
Fe 20.47 7.203 25.26 
Mn 	 0.37 	
-1
042 
Ca 2). 23 Cad 	32.91 
Total 	100.10 
If the iron content is presented as FeO the Wt.% Oxide 
content ihouid be 36.2 and the total for the anaii,is in 
the region of 97. 
L_.y I 
ZAP corrections (after Sweatman and Long, 1969) were carried out using an 
on-line computer program, and used absorption coefficients from Heinrich (1966). 
Precision and detection limits were calculated for a typical analysis of each phase 
studied. These are based on the following formulae: 
Detection Limit = 3/rn x (RbII'b) 2 
Precision = 2 x [t/(Tp) 2x 1 /(Rp) 2-(Rb) -2] x (Wt%) 
m = counts (above background) / sec- I (wt%1 
Rb = background count rate / counts sec 
Tb = time on background I sec 
RP = peak count rate / counts sect 
T = time on peak / sec 




Wt S Precision Limit 
5102 65.15 0.11 0.02 
TiO2 = 
A1203 18.69 0.05 0.02 
FeO 0.05 0.01 0.08 
Cr203 
MnO 
MgO 0.02 0.01 0.02 
BaO 0.25 0.02 0.07 
CaO = 	0.01 0.01 0.03 
Na20 2.05 0.02 0.03 
1(20 = 	13.92 0.05 0.03 
Total 	= 100.14 
A17/5 Plagioclase 
Mean Detection 
Wt S Precision Limit 
5102 60.59 0.11 0.02 
Ti02 
A1203 = 	24.70 0.05 0.02 
FeO = 0.12 0.01 0.08 
Cr203 
MnO = 
MgO = 	0.01 0.00 0.02 
BaO 0.00 0.07 
CaO = 	6.24 0.04 0.03 
Na20 = 8.24 0.04 0.03 
1(20 = 	0.11 0.01 0.03 
Total 	= 100.01 
A21134 Cordlerite 
Mean Detection W 
	S Precision Limit 
SiO2 - 	48.29 0.19 0.01 
TiO2 = 0.04 0.02 0.01 
A1203 33.31 0.14 0.01 
FeO = 	8.29 0.12 0.02 
Cr203 0.02 0.03 0.02 
MnO = 	0.04 0.00 0.02 
MgO 8.10 0.08 0.01 
BaO 
CaO 0.01 0.02 0.01 
Na20 0.21 0.03 0.02 
1(20 
Total 	= 	98.31 
C10c/15 Biotite 
Mean Detection 
Wt 5 Precision Limit 
S102 34.95 0.09 0.02 
1102 3.94 0.03 0.02 
A1203 = 	19.45 0.05 0.02 
FeO 20.88 0.07 0.08 
Cr203 
MnO = 	0.05 0.01 0.09 
MgO = 6.99 0.03 0.02 
BaO 
CaO = 
Na2O 0.33 0.01 0.03 
1(20 = 	9.65 0.04 0.03 
Total 	= 	96.24 
The following pages comprise tables of the niineral analyses arranged 
according to mineral type. Following the analyses there is a summary of sonic general 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(1)1? I5F14 SU'fl SU' 
Si0 2 65.35 65.15 64.97 64.39 64.59 63.85 
TI0, --- --- 
Al 6 *9.07 *1.77 *9.00 18.4$ *8.81 *8.04 





 - - 
M90 0.Ot 0.36 0.0* 0.36 0.0* 0.3 
0.0 0.16 0.32 0.29 0.26 0.23 0.72 
C.0 0.06 0.19 0.0* 0.0* 0.0* 0.0* 
t4.0 3.25 4.70 1.78 2.65 2.03 2.79 
IC 1 *2.28 9.24 14.3* *2.73 	- 14.18 12.83 
Total 100.25 100.65 100.45 99.88 100.41 100.22 
Structural foriiiii on the basis of 32 o.yq.ne 
Si 	 11.91 	 11.76 	 11.11 	 *1.89 	 11.96 	 17.07 
Ti --- -" 	 --- 
Al 4.10 	 4.2* 4.11 	 4.01 	
4.02 	 3.99 
Fe 	 0.0* 0.11 	 0.01 0.12 
0.02 0.02 
C , --- 	 --- 	 --- 
Mn --- ... 
--- 
	 --- 	 - - - 	 - - - 
Mg --- 0.10 -- 0.10 
--- 0.0* 
84 0.0* 0.04 0.OZ 0.02 0.02 
0.02 
C. 0.01 0.04 --- -- 
Na 1.15 1.63 0.83 0.95 0.72 
0.99 
K 2.86 2.13 3.33 2.99 3.32 7.99 
Total ;:;- 20.02 20.03 20.08 20.06 *9.98 
C16/4 C16/20 C16/29 C27/10 C23/17 C23/19 
SiO 64.0* 63.09 64.46 64.46 65.02 64.87 
Ti0 0.04 0.02 0.01 0.03 
Al 6 19.19 19.94 *9.73 .19.19 *9.79 18.62 
0.32 0.14 0.08 0.04 0.37 0.06 
Cr0, --- --- 
0.02 0.02 0.03 
MgO 0.07 0.0* 0.01 0.02 0.02 
840 --- -- -" 0.32 0.39 0.17 
C.0 0.01 0.02 0.05 0.01 0.07 
1440 1.66 3.09 1.14 2.90 2.36 2.02 
9 7 I 14.75 *2.79 *3.33 *2.73 *3.35 * 4 . 08 
Total 99.56 100.09 99.75 99.75 100.32 99.83 
Structural fora.1, on the basis of 32 oiyg.n, 
Si 11.83 11.90 11.92 11.95 11.92 11.93 
Ti 0.01 
Al 4.18 4.08 4.08 4.16 4.06 4.04 
0.05 0.02 0:0* 
Mn - - - ---  . -. ---  --- 
Mg 0.02 --- --. --- 0,0* 
84 --- --- --- 0.02 0.03 0,01 
C. 0.01 
--- 0.0* 
44 0.59 1.10 0.4* 1.03 0.84 0.72 
3.36 2.98 3.82 - 2.99 3.12 - 	3.3* 
Total 20.05 20.09 20.05 20.07 20.04 
20.0 
R,p,.i,nt4ti'I IO4IVS% of plagloclast f,10p.' 
62./15 62a/37 6*7/3 821/7 623,1 
A23/24 
510 58.81 60.35 60.59 59.08 
60.84 64.98 
Ti 0.02 0.01 --- 0.03 
At 75.77 24.59 24.70 25.83 
24.07 21.74 
0.09 0.03 0,12 0.15 0.42 
0:17 
Cr0 --- --. 
0.02 0.0* -" 0.07 
MgO 0.0* 0.01 : 
9.0 
cao ;:; 5.81 6.27 
6,97 5.13 1.9 9 




 ---------------- . 	---------------- . 
Total 9930 9929 10005 9900 9995 
9984 
Structural for.,lat on the basis of 32 o.yg.n 
Si 	 *0.55 10.81 10.79 10.57 
10.86 11.48 
It --- 




5.18 5.44 5.07 4.33 




.-- --- --- --- Mn --- 
Mg 	 _ 0.01 --- 0.03 0.02 
C. 1.37 1.12 1.20 
1,34 0.99 0.38 
Na 	 7.6* 2.97 2.85 2.62 
3.16 0.18 
K 0.04 0.03 0.02 
0.04 0.03 0.18 
- 	- n* ,n n 2004 20.22 20.07 
11.93 11.93 10.37 11.93 
0.01 --- 
4.04 4.03 3.62 4.04 
0.01 0.03 0.01 
0.01 
0.03 0.38 • 	 1.33 0.04 
4.03 3.36 2.46 3.66 
0.03 0.07 0.04 0.41 




















A29/? *29/10 *79/1I C19/7 13/12 83/28 
5 * 08 62:09 62:75 60.99 60.37 61.40 61.43 
- 
	
23.51 Al 22 72 24.34 24.68 24.02 . 24:17 
0.10 --- 0.01 0.06 0.09 0.06 
-- - 
M90 0.02 0.02 0.02 --- 0.01 
0.0 0.02 --- - 0.06 0.03 
Call 4.67 3.61 5.63 6.57 3.31 3.49 
• 9.61 10.20 8.88 . 	 7.83 8.94 8.63 
0.23 0.34 0.23 0.15 0.31. 0.40 
Total 100.26 99.64 100.09 ;.;3 100.11 100.11 
Structural formula* on the b..1. of 32 o.yg.nn 
S1 11.02 11.18 10.85 10.78 10.92 10.91 
Ti -- . --- --- 
81 4.92 1.77 5.11 3.20 3.04 5.06 
1. 0.02 --- --- 0.01 0.01 0.01 
Cr --- .-- --- 
PIn --- --- --- --- --- ---  
Mg 0.01 0.01 0.01 
I. --- --- --- 0.01 
C. 0.89 0.69 1.07 1.26 1.01 1.04 
Na 3.31 3.32 3.06 2.72 3.09 2.97 
9 0.03 0.08 0.03 0.03 0.07 0.09 
Total 20.21 20.24 20.13 20.00 20.14 20.09 
111/4 811/13 111/19 118/3 118/14 C13/8 
S*07 68.98 60:84 68.13 61.27 61.07 66.06 
Al 3 19.40 24.13 19.62 23.92 24.07 70.33 
0.08 0.10 0.03 0.01 0.74 c , 80 l --- --- --- 
PInO --- --- -- 
PIgO 0.02 0.02 0.02 0.01 --- 0.01 
9.0 0.01 --- 0.14 --- --- 012 
CaC 0.06 3.32 0.20 3.34 3.44 013 
Ma0 11.79 8.64 9.88 9.84 8.73 9.06 
0.26 0.17 2.98 0.26 0.31 4.13 
Total 10039 9971 10097 9967 9984 10081 
Structural far...1a. on the b.ii of 32 o.yq.nn 
Si 12.00 10.90 11:93 10:93 10.91 11.70 
Al 3.98 3.10 4.05 3.03 3.07 4.29 
F. 0.01 0.01 
Mg 0.01 0.01 
B. --- --- 0.01 --- --- 0.01 
Ca 0.01 1.02 0.04 1.02 1.04 0.07 
Ma 3.97 3.00 3.33 3.06 3.03 3.11 
0.06 0.04 - 	 0.67 0.06 0.07 0.93 
Total 20.03 20.07 20.05 20.11 20.11 20.18 
818/20 818/24 172110 CL5/6 CL5/23 CB/3 
Si0 7 68.47 68.45 37.47 68.40 61.93 64.92 
Ti07 --- --- 0.05 
Al 19.69 19.63 76.44 19.64 24.39 21.81 
.0 --- 0.03 0.18 0.03 0.06 0.03 
Crtol
•. -- --- --- --- --- ---  
PInO --- --- 0.01 
PIgO 0.02 0.01 0.02 --- 0.07 0.02 
8.0 0.02 --- 0.04 0.01 --- 0.04 
Ca0 0.27 7.01 7.94 0.19 3.11 7.46 
N. 7 0 II.?? 9.94 7.03 10.81 8.74 10.60 
0.13 0.32 0.17 1.84 0.29 0.71 
Total 100.54 100.42 99.34 100.93 100.81 100.11 
Structural for.oIae on the ball, of 32 o.yg.ni 
C15/17 C16/16 C20/6 C20/10 C72/15 C23/9 
SI0 63.29 67.46 68.41 66.49 64.79 63.48 TiO --- 0.01 --- 
0.07 Al 23.0 19.93 19.87 21.13 21.77 20.15 rI. o.o o.n o.oe 0.03 0.13 1.08 Cr03 --- 0.01 
--- 
-" 















1.16 p440 9.44 11.24 11.73 10.14 10.38 6.47 
• 	0.73 0.44 0.20 0.38 0.27 6.14 
Total 100.04 99.38 100.36 100.13 99.77 100.60 
Structural formula& on the bati4 of 32 o.yg,n 
St 11.19 11.87 11.92 11.64 11.43 11.71 Ti --- --- --- 
Al 4.81 4.13 4.07 4.37 4.36 4.23 F. 0.01 0.03 0.01 0.01 0.07 0.16 Cr --- --- --- 
pIn --- -- - --- --- --- 
Pig - -- --- - - - - - - - -. --- --- 
86 --- --- --- 






0.22 MA 3.24 3.84 3.80 3.44 3.39 2.24 
K 
0.10 0.06 0.13 40 
 
0.06 1.
Total 20.03 20.02 19.98 19.97 20.11 20.00 
P•r.i.ntatjv, analy.., of cord.rt. 
*17/10 *21/)9 *21/34 *23/25 *79/76 83/8 
5iO 48.93 47.76 48.79 48.02 46.83 48.43 TiO, 0.01 0.05 0.04 0.01 0.02 0.14 Al 32.52 33.34 33.31 32.77 31.81 33.47 
8.63 8.80 8.29 8.50 12.99 7.55 Cr 01 --- 0.01 0.02 




--- --- --- --- 
Total 98.29 98.26 98.67 
-------------------------------------------------------------------------------------------------------- 
97.31 96.76 98.74 
Structural formula, on the basis of lB o.yg,n, 
4.99 5.00 4.95 
Al 3.76 4.07 4.04 4.02 4.01 4.04 Fe 0.75 6 0.71 0.74 1.16 0.65 
Mn 0.01 0.03 0.04 0.04 0.03 0.03 
1.71 0.79 1.34 
Na --- -- 0.04 
Tot 	I 10 98 II 	04 II 	04 1 	00 10 79 II 	02 
CL5/19 C15/20 CB/8 C6/18 CO/26 C8/47 
Si07 49.93 49.95 47.86 48.08 4 9.!6 49.77 
Ti07 0.02 0.05 " 0.03 0.07 0.07 
41 )0 3 32.96 33.17 37.79 32.76 32.44 37.78 
r.0 3.46 5.73 10.70 11.94 11.28 10.75 
C.. t0 3 --S S_ - S - 
Mn 0.07 0.05 0.08 0.08 0.07 0.10 
MgO 9.88 10.07 6.84 6.10 6.25 7.00 
CaO .. 
lLa,0 0.32 0.30 0.23 0.23 0.33 0.17 
K6 0.45 0.07 0.05 0.05 0.27 0.04 
Total 99.08 99.39 98.36 99.27 98.82 100.13 
Structural formula* on the basin of IS o.yg.nn 
Si 3.05 4.98 4.97 4.99 5.01 5.03 
Ti --- --- --- ' 
 
- - 
Al 3.93 3.98 4.02 4.01 3.78 3.95 
TO 0.46 0.49 0.93 1.04 0.98 0.94 
C --- --. --5 --5 --- -- S 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 1.49 1.53 1.06 0.94 0.97 1.07 
Ca 
N. 0.06 0.06 0.03 0.05 0.07 0.03 
0.06 0.01 0.01 0.01 0.04 0.01 
Total 11.03 11.06 11.04 11.03 11.05 11.01 
Representative analyt.s of biotit, 
Oil/I 	 BillS 	 C16/19 	 C72/24 	 C22/28 	 C73/7 
S107 34.49 34.80 35.44 35.27 35.01 33.62 TiO, 3.49 4.08 3.46 3.20 3.17 3.40 
17.33 17.44 19.70 18.70 19.31 18.11 r,bt 73.01 23.47 10.29 19.65 19.69 19.90 C,,01 . --- --- 0.01 -- -. - 
0.18 0.16 0.09 0.04 0.03 0.03 
BaO 
6.19 7.12 9.10 9.23 -8.33 9.23 •-- "- 
--- 0.11 0.14 
Coo --- 0.03 
NA 0 0.16 0.14 0.72 0.21 0.19 0.70 
KZI 9.44 8.82 9.61 9.31 9.37 9.69 
Total 96.31 96.06 95.91 95.77 95.74 96.18 
Structural forsola. on the ba%i-. of 22 osg.n. 
Si 5.30 3.36 3.82 3.84 3.83 3.40 
0.64 0.47 0.43 0.41 0.40 039 
Al 3.18 3.17 3.81 3.63 3.79 3:24 
2.72 2.74 2.52 
Mn 0.02 0.02 0.01 0.01 
Fig 1.41 1.64 2.23 2.28 2.07 2.09 
Ba --- --- 
- 0.01 0.01 
Co --- 0.01 
Na 0.04 0.03 0.07 0.07 0.06 0.06 
K 1.83 1.73 2.01 1.97 1.99 1.87 
Total 13.41 - 13.47 16.89 16.96 16.89 13.57  
ClOc/2 ClOt/S C10c/15 C15/6 C16/6 C16/8 
Si0 34.19 34.79 34.95 34.01 34.53 40.76 
Till3 3.38 3.32 3.94 3.39 2.40 0.97 
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1 
9.64 AlQ 19.43 20.69 71.11 27.81 
riot 21.12 20.67 70.88 19.44 19.29 13.46 co1 --- --- --- --- 0.03 0.01 
MnO 0.06 0.03 0.05 0.05 0.09 0.08 
mqO 7.60 
:26 6.99 7.32 7.95 6.20 
COO 0.01 --- ::z o;i 
44030 0.72 0.18 0.33 0.17 0.27 0:99 
0 20 9.66 9.66 9-.65 9.38 9.47 5.79 
Total 99.61 95.57 16.24 94.45 ;:;; 
Structural for.iola. on (Ti. 6064$ of 22 
Si 3.26 5.37 5.32 3.73 5.74 6.19 
Ti 0.39 0.38 0.45 0.39 0.30 0.11 
Al 3.51 3.54 3.49 3.75 	- 4.13 4.99 
F. 2.72 7.65 2.66 7.50 7.68 1.71 
Cr --- --- --- 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 
1.68 1.97 1.40 
C o ::: :: : 0.12 
440 0.07 0.08 0.10 0.05 0.09 0.29 
1.99 1.89 
- 	_:8- 1.84 7.01 1.12 
Total 15 .59 15.50 15.49 15.45 16.93 15 .92 
C14/9 CIS/IS Cob C8/10 C8/30 922/I5 
Si07 36.05 37.04 34.69 34.81 35.31 36.53 
Ti0 7.92 2.45 3.95 3.93 3.83 4.43 
Al t 1 
19.00 19.70 20.00 19.44 19.31 14.19 
F  13.38 11.24 20.87 20.80 20.90 18.43 
Cr 103 --- .-- 
?TnO 0.06 0.01 0.02 --- 0.02 0.21 
MOO 12.84 14.71 6.87 7.07 7.34 11.74 
Call 0.01 0.02 0.01 04 
0.23 0.24 0.18 0.11 0.14 0. 	3 
9.94 9.94 9:16 9.46 9.47 9.44 
Total 99.23 93.35 93.69 95.62 96.06 95.31 
Structural for.iola, on the basis of 27 o.yg,n% 
Si 5.34 3.41 5.29 5.32 5.33 6.08 
Ti 0.33 0.27 0.45 0.45 0.44 0.56 
Al 3.46 3.39 3.59 3.50 3.48 2.78 
2.66 2.56 
0.01 --- --- --- 
--- 003 
Mg 2.84 3.20 1.56 1.61 1.67 2.91 
Ma 0.07 0.07 0.03 0.03 0.04 0.04 
K 1.88 1.85 -1:84 1.78 1.83 2.00 
Total 15.59 13.56 4337 IN 	IN 11 : 	 . 
A2a19 A2a30 *17/13 *21/79 *23,2 *29/2 
Si07 36.24 36.03 36.30 36.23 34.30 34.27 
Ti01 2.65 2.54 	- 2.33 2.87 	. 4.24 3.16 
18.36 17.35 18.89 17.91 1.12 19.73 
17.13 16.34 17.23 18.09 23.12 23.16 
• 0.03 0.01 0.07 --- 
Mn 0.74 0.23 0.22 0.27 0.16 0.12 
MgO 10.89 11.74 10.66 10.09 5.67 5.69 
CaO 0.04 0.03 0.01 
Ma  0.70 0.22 0.70 0.17 0.21 0.19 
1 24 9.46 9.02 955 IP. 52 9.53 9.53 
Total 95.24 94.02 93.63 93.13 96.36 93.85 
Structural formulae 00 the basis of 22 O•7QCfl$ 
Si 5.98 3.46 5.97 3.49 3.77 5.30 
Ti 0.33 0.30 0.29 0.33 0.49 0.37 
Al 3.56 3.26 3.64 3.20 3.47 3.39 
Fe 2.36 2.16 2.36 2.29 2.97 2.99 
Cr --- 0.01 
No 0.03 0.03 0.03 0.04 0.02 0.02 
Nq 7.67 2.43 2.60 2.28 1.30 1.31 
Ca 0.01 0.01 
No 0.06 0.05 0.06 0.05 0.06 0.06 
K 	- 1.98 1.81 1.99 1.84 1.87 1.88 
Total 16.98 15.53 16.95 15.32 15.45 15.47 
C19/13 85/4 83/14 85/21 83/24 85/27 
Si0 34.77 36.13 33.16 33.99 33.21 36.38 
TiO, 3.41 4.51 2.05 2.95 4.38 4.57 
15.59 15.82 21.39 20.33 18.03 13.42 
F.Ot 23.67 17.46 16.81 17.87 17.82 17.33 
Cr 101 --- --- 
PInO 0.48 0.15 0.06 0.17 0.17 0.19 
PIgO 8.10 12.15 11.08 10.35 10.92 12.61 
CeO 0.02 0.06 0.01 0.01 
Ma 0 0.13 0.21 0.41 0.24 0.26 0.19 
K 20 9.23 9.71 8.21 9.57 9.79 9.73 
Total 95.30 96.14 95.23 95.68 96.39 96.84 
Structural formulae on the basis of 22 o.q.n. 
Si 3.44 5.44 5.74 5.14 5.28 5.46 
Ti 0.40 0.31 0.23 0.34 0.49 0.51 
Al 2.89 2.81 3.76 3.67 3.19 2.77 
3.10 2.20 2.10 2.26 2.24 2.19 
Cr --- --- --- 
Nfl 0.06 0.07 0.01 0.02 0.02 0.03 
Mg 1.89 2.77 2.46 2.38 2.44 2.81 
Ca --- 0.01 
Na 0.04 0.06 0.12 0.07 0.08 0.06 
o 1.84 1.86 1.56 1.85 1.87 1.83 
15.66 13.62 15.49 15.68 15.61 13.63 
811/15 814/1 814/10 81817 818,13 1118/16 
St07 34.98 34.57 34.31 34.74 34.45 33.07 
Ti07 4.34 5.54 5.66 4.79 4.02 4.90 
41 1 0 1 17.41 17.32 16.90 16.31 16.93 7.78 
coOt 22.30 21.92 22.52 23.51 22.87 22.32 
Cr 1 0 3 --- --- --- --- --- 
NnO 0.12 0.13 0.10 0.35 0.31 0.21 
MOO 7.13 6.40 6.43 7.08 8.00 7.06 
CeO 0.02 0.02 --- 0.01 
Ne 10 0.10 0.23 0.20 0.10 0.13 0.22 
O0 9.49 9.53 9.33 9.59 9.27 9.41 
Total 95.89 - 	 - 	 - 	 95.66 	- 93.65 93.68 95.93 96.97 
Structural formulae on the basis of 22 o.,gen, 
Si 5.39 3.34 5.34 5.33 3.33 5.34 
Ii 0.50 0.64 0.66 0.50 0.47 0.56 
Cl 3.16 3.16 3.09 3.04 3.09 3.19 
3.07 2.95 2.84 
Mn 0.07 0.02 0.01 0.05 0.05 0.04 
Mg 1.64 1.47 1.48 1.65 1.83 1.40 
Ca --- -- - --- 
Na 0.03 0.07 0.06 0.03 0.04 0.07 
1.87 	
--------- 1:88 
1.84 1.91 183 1 	83 
Iota! 15.49 15.41 15.40 15.60 15.60 13.46 
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General observations as to trends within the mineral cheniistry data. 
LARGE-SCALE VARIATION IN MINERAL COMPOSITION. 
AFM plots of cordierite and biotite compositions froin the three areas studied; 
Alit Guibhsachain, Sgorr Dhearg and the Chaotic Zone show that there is 
considerable solid solution shown in each area, with the Mg/Fe+Mg ratio varying 
from quite intermediate values to some very high values particularly in some of the 
Alit Guibhsachain samples, e.g. CL5. There is some slight solid solution in hiotite 
with respect to A1203 but not much. 
This compositional variation does not appear to correlate with distance from 
the contact, implying that changing temperature is not the control on the variation ut 
mineral composition. All the analyses represent samples situated close to the igneous 
contact, and therefore up-grade of continuous reactions identified by Pattison (I 985) 
in lower grade rocks. The compositional variation may reflect changes in another 
parameter, for example. water or melt activity. 
Three main feldspar compositions are noted; orthoclase with up to 30% albite 
end-member component, albite itself and oligoclase. Oligoclase is restricted to Sgorr 
Dhearg and the Chaotic Zone. This may be, as with bulk rock chemistry, a reflection 
of the composition of the initial protolith or, in the case of time Sgorr Dhearg rocks, it 
may be a result of interaction with material derived from the igneous cotimpiex i.e. 
introducing an CaO component into the rock which was previously absent. 
SMALL-SCALE VARIATION IN THE MINERAL COMPOSITIONS. 
01 particular interest is possible variation in time composition of -' it iiuii:i 
situated within a leucosomne to the composition of the same mineral Outwit h ml mc 
leucosonme. However, in time vast majority of the suhli)les  time mineral comuposil i'mms 
remain consistent irrespective of the location of time mineral grain. 
Notable exceptions to this are samples B5 and CL5. B5 is it sanipie of hieccia 
lroiri Sgorr Dliearg W1111111 which time transition froiii a lmornfels i'ragmneiit into 111C 
surrounding matrix comiiimcided with significant changes in time compositions of hiotite 
and K-feldspar, but not plagioclase. CL5 is a sample of an Al-rich network l)eam mug 
structure, and the transition between the network and the cordierite-rich "pit' is 
associated with abrupt changes in the compositions of biotite and piagiocl:mse, but mint 
K-feldspar. Plagioclase compositions in samples A23 and B II also show variation 
associated with the transition between hormifels fragnient and matrix but there is no 
consistent trend to the compositional changes. Often any observed variation um 
mineral comnposit ions is associated with the presence of a selvage. 
Obviously much further work is required to constrain the details of processes 
active during the formation of selvages in these partially melted rocks. More than one 
300 
generation of selvage has been identified (see chapter 3); bioiite-rich selvages are 
related to the leucosome-forming episode i.e. the partial melting process, K-feldspar-
absent selvages are related to reaction of the homfels böudin fragments with die 
surrounding material subsequent to the hydraulic fracturing episode but probably 
while melt was still present. Any variations in the mineral compositions which have 
been noted have been associated with the presence of selvages, an important area of 
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